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Direct measurement of the metastable®P, decay rate in krypton
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We use a magneto-optical trap to isol&tkr atoms in the metastabfP, state and then measure the rate of
125.0-nm fluorescence due to spontaneous magnetic quadriyg@le 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 tM2 and the quench-induced photons, so that only small corrections
relating to spectral response are necessary. We find a spontaneous decaylrat@.@354(22) s*, which
translates into a lifetime of 28(8.8) s. This result is discussed in the context of previous measurements and
calculations of*P, lifetimes in the rare gases.
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INTRODUCTION emit a single VUV photon. A single photomultiplier tube was
used to detect photons from both tiw2 decay and the
The lowest electronic excited state in any rare-gas atonguench process. Apart from small corrections related to the
heavier than He is well described as'®, state inL-Scou-  angular distribution of photons and the detector’s spectral
pling. In the absence of hyperfine structure, its spontaneougsponse, thé P, decay rate was simply obtained from the
decay to thelS, ground state is allowed, at lowest order, ratio of the totalM2 decay rate to the number of detected
through the magnetic quadrupol®!@) interaction. The state quench-induced photons. The lifetime f6¥Xe, or the in-
is therefore metastable, with an expected lifetime of manyerse of the measured decay rate, was determined to be
seconds. Theoretical calculations disagree considerably as 42.90.9) s.
the actual lifetime values, but they consistently generate val- The experimental lifetimes for Ar, Kr, and Xe generally
ues that increase as one descends the periodic table of eldisagree with theoretical calculations. The disparity is seen
ments[1,2]. For instance, assuming a particular form for not only in the absolute lifetime values, but also in the de-
electron correlations in a relativistic model, Indelicatoal.  pendence of théP, lifetime on the atomic numbe®). The
calculate®P, lifetimes of 22, 51, 63, and 96 s for Ne, Ar, Kr, nonrelativisticM2 transition probability scales as the fifth
and Xe, respectively. power of the transition enerd¥], and this energy decreases
Accurate lifetime measurements on such long time scalesignificantly with increasin@. TheZ dependence of the life-
have been possible with neutral atoms only since the introtime is therefore expected to be quite pronounced, even after
duction of laser-cooling and -trapping techniques, which pro+elativistic corrections are applied. However, the trend in the
vide the necessary state and isotope selectivity as well ameasurements just cited does not match this expectation, and
long observation times. Katori and Shimizu first pursuedthe situation has both experimentalists and theorists double-
such measurements with magneto-optically trapped Ar andhecking their results.
Kr [3]. Their strategy was to monitor the loss of atoms from We report here a measurement of tfe, decay rate in
a modulated magneto-optical trgMOT) and extract that 8%Kr. We use the photon-counting method of Rgf] and
portion of the loss rate contributed by tH®, decay. This find a lifetime significantly shorter than that found with the
method was complicated by the need for extrapolation to @rap-decay method of Rdf3]. When combined with the ear-
MOT-on duty cycle of zero and to a background-gas pressurker Xe measurement, our result confirms the theoretical pre-
of zero, but it nevertheless yielded lifetimes of 38 sf%r  diction of clearZ dependence in the rare-gaB, lifetimes.
and 39 s for®Kr, with uncertainties of 10-20% quoted in However, it does not erase long-standing concerns over the
both cases. apparently inflated numerical estimates of the absolute life-
Walhoutet al. developed an alternative, photon-countingtime values.
technigue in order measure metastable lifetimes in[Ke
They measured the rate of vacuum-ultravidétJV) fluo-
rescence from théP, decay of Xe atoms in a MOT. The
rate was indexed to the number of trapped atoms by a Our experiments start with an atomic Kr beam emerging
3p,-quenching process that forced every trapped atom térom a boron nitride nozzle that is cooled to 77 K. A dc
discharge running through the nozzle excites some of the
atoms into the®P, state, and these undergo Zeeman-tuned
*Present address: Department of Astronomy, University of Marylaser cooling and deceleratip6,7] before being trapped in a

EXPERIMENTAL SETUP

land, College Park, MD. standard, six-beam MO[B]. A 40-mW master diode laser is
TPresent address: Department of Physics, University of Connectigrating stabilized 9] and locked to the laser-cooling reso-

cut, Storrs, CT. nance at 811.3 nm. Its light is divided between several
*Author to whom correspondence should be addressed. acousto-optic modulators, which generate beams with tun-
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5p [5/2]; CDy) 10°. By adjusting the MOT's field gradient between 0.1 and

I 1.5 mT/cm, we can vary the volume of the trapped cloud by
a factor of about 300 and simultaneously change the atomic

| density by a factor between 10 and 30. When loading is

| interrupted, the MOT decays with a characteristic time of

I approximatef 1 s because of collisions with background gas,

I the pressure of which is normally aboux30 8 Torr.

| Our goal is to monitor the total rate of 125.0-nkh2

| fluorescence from atoms in th, state and then to normal-

Y ize that rate(that is, to index it to the number of trapped

atoms using the quench-induced fluorescence. BothNtiz

and the quench-induced VUV signals pass through the same

5p [5/213 (3D3)
'}

811.3 nm (trap)
877.7 nm

!
|
|
!
|
|

\

55 [3/21, CPy)

. ‘o@ d MgF, window and are detected with a single, solar-blind

S N photomultiplier tube(PMT). We purge the 4-mm gap be-
g, / tween the window and the PMT with argon gas in order to
KR W 4 reduce atmospheric absorption. The PMT delivers single-
4p8 ('Sp) photon pulses through a discriminator/amplifier to the input

of a multichannel scalafMCS). The ratio of theM2 and
rate in®Kr. Solid lines represent laser excitations, dashed lines ar(_guench-lnduced signals is free of geometry-related factors,

electric-dipole decays, and the dotted line corresponds to the weatl the on_ly _Corre_ctlons related to the_d_etectlon Schgme are
M2 decay. States are specified in pair-coupling scheme, in WhicﬁmaII \_/arl_atlons in PMT quantum efficiency and window
the core angular momentund) is coupled to the orbital angular transmission over the 1.4-nm range between the two detected
momentum(l) of the valence electron to giié=J.+1, andK is  wavelengths.

coupled to the valence spiss) to produce a total angular momen-

FIG. 1. Transitions used in the measurement of 1Rg decay

tum J. The designation in this schemenf{ K]; or nl’'[K];, where MEASUREMENT PROCEDURE
| is unprimed forJ.=3/2 and primed forJ.=1/2. Approximate
L-Scoupling designations are indicated in parentheses. Our procedure calls for three measurement phases, in

which we count photons from théP, decay, the quench

able frequency offsets. Two of the frequency-shifted beamgrocess, and background. Data from all three of these phases
are used for injection-locking a pair of additional diode la-are accumulated in a single 100-channel sweep of the MCS.
sers, one supplying the Zeeman-slowing beam and the oth&he details of the measurement sequence are as follows.
the trapping beams. The slowing beam is tuned below reso- To ensure that all atoms are in th®, state when we
nance by 300 MHZ56 linewidthg and directed through the monitor the M2 decay, mechanical shutters are used to
trapping region. It is resonant with the decelerating atoms aswitch the MOT and slowing lasers at a 10-Hz frequency,
they traverse the 40-cm-long slowing region, where the tunwith “on” and “off” intervals of 85 and 15 ms, respectively.
ing field varies from zero near the Kr source to a maximumThe possibility of spurious signals from the atomic beam is
of 21.5 mT. The MOT is located 20 cm downstream fromeliminated by a shutter in the beam path, which we open for
this field maximum. The 2-cm-diameter MOT beams are deonly 50 ms at the beginning of each “on” interval. Decay
tuned by~10 MHz, and each typically has an intensity of counts are accumulated only when the MCS gate is activated
8 mwicnt. for 5—10 ms during each “off” interval. After each gated

A fourth diode laser is tuned to the 810.4-nm “quenchingobservation period, the MCS is advanced to its next channel
transition” and, by activation of a shutter, can be used toand awaits the next gate signal.
deexcite atoms from th&P, state, forcing each atom to emit ~ When 50 of these observation cycles have been executed,
a single 123.6-nm photon as it decays through the short-livethe atomic beam shutter is closed, the quench laser is applied
3p, state(see Fig. 1 We use a polarizing beam splitter to to the trapped cloud, and the resulting, prompt VUV photons
combine the quenching laser with the trapping laser, so thadre counted. The quench laser is detuned from resonance
we can divide, steer, and retroreflect the two with the samenough that the quenching process occurs over 20—30 ms, so
optical elements. The quenching light is thus applied alongulse pile-up is not a problem. If, in the absence of the trap-
the six directions of the MOT beams, but with opposite cir-ping beams, the quench duration is extended beyond 30 ms,
cular polarizations. The polarization of either laser field var-the total VUV count decreases slightly, presumably because
ies on spatial scales shorter than 800 nm—a fact that helpsf ballistic loss. However, if the MOT beams are cycled as
erase any net atomic orientation or alignment and thereforasual and therefore recapture atoms during the quenching
any anisotropy in the overall distribution of fluorescence.process, this loss is not seen.
Moreover, if the quenching light optically pumps an atom  After each application of the quench laser, 50 MCS chan-
into a nonabsorbing state, the scrambled polarization ensure®ls have recordelll 2 decay counts, and five have recorded
that the atom will be recoupled to the laser after it moves ajuench-induced counts. At this point, the MOT and/or slow-
short distance. ing lasers are turned off, but the rest of the 10-Hz cycle

From measurements of the quench-induced VUV signalresumes. During this time with no atoms in the trap, the
we estimate the typical number of trapped atoms to be nearlyUV background rate is registered in the last 45 channels of
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the MCS sweep. Normally, the lasers are then turned baclkhich possible systematic errors were being studied but
on, and another sweep is initiated automatically, until theproved to make little or no difference in the measured value
data from 20 MCS sweeps have been added together. Thif R. Among the variables shown to be unimportant by the
resulting data set leads to a single measurement of the decaystematic studies are the atom density in the MOT, the

rate, as described below. background gas pressure, the PMT voltage, the MOT field
gradient, and variations in the ellipticity of the MOT and
ANALYSIS OF RESULTS quench beams. Moreover, the electric field from a channel-

electron multiplier that is 7 cm away from the trap has no
We designate the number of accumulated metastablejetectable effect. Similarly, an active ion-gauge filament 30
decay counts ably , the number of quench-induced counts cm away from the tragbut not in direct line of sightdoes
asNg, and the number of background countsNss. Ny not change the value &, although it does increase the num-
andNjg are each obtained over an elapsed time designated agr of background counts.

At (typically the sum of 40 gated counting intervalsrom In addition to a statistical uncertainty 1%, our uncer-
these measurements we obtain a normalized count rate of tainty in R,, comes from two dominant systematic effects.
First, we are unable to eliminate the possibility that intensity
imbalances in the MOT or quenching beams may introduce
some anisotropy in the VUV signal. This possibility is not

is “ ” i i 0,
This “raw rate will differ from r by. only abogt 10%, but .considered in our analysis, so we have quantified the corre-
several experimental details must still be considered. We wil onding uncertainty by imposing imbalances and lookin
represent the total number of atoms addressed in the expeﬂ?r a chgnge iR Th)e!seytestg indigate thRtchanges by no 9
ment by, the PMT qu_antum eff'c'e'f‘CY at wavelengiiin more than=5%, and we take this to be the level of uncer-
nm) by &, , the Mgk window transmission at wavelength tainty related to possible anisotropy
by T, , and the detector solid angle Ify. We will also ac- . e . .
count for some unwanted quenching of tfe, state at rate The second systematic uncertainty entering Riparises

R hich ise f tic-dinol itati £1h from the possibility of inaccurate counting of quench-
N which may arse from magnetic-dipoie excitation otth€gy, ;a4 photons. If the quench laser is tuned too close to
P, state by blackbody radiation. Finally, we will include a

) resonance, counts may be lost to pulse pile-up in the detec-
small correction for the~0.51)% of the atoms that are Y b P P

hed th h thaP. and 3P. stat d theref tor, whereas if it is detuned too far from resonance, the
quenched throug 1 an o States and thereiore go quench process may be extended beyond the gated observa-
uncounted in the quench sigrfdl0]. This correction requires

. = ) ; tion interval. Our approach to this problem is to ensure
that a correction factor 08=0.995(1) be included iNg.  45ainst pulse pile-up by using a relatively large detuning and
The net(unnormalized count rate for the metastable decay

\ gating the MCS for tens of milliseconds. Nevertheless,
can now be written as sometimes a small but non-negligible fraction of the quench
signal is detected very near the end of the gate interval, and
this suggests that some of the signal may go undetected.

(Nm—Ng)/At=MQ/47)[T E125 0T 1250+ Ree€i23.6l 123.6)»

and the total number of quench counts as From this observation, we estimate the uncertaintilito
be 2%. Assuming uncorrelated errors, we come to a com-
No=NB(QAT)Ep34T 1236 bineq uncertainty irR,, of 5.5%. _ _
With all the necessary measurements in hand, we arrive at
Solving for the decay rat€, we arrive at our final determination for théP, decay rate irf*r: T
=0.0354(22) s!, which translates into a lifetime of

= { E12361 1236 28.31.9 s.

](ﬁR— Reg)-

5125.0T125.0

From the manufacturer’s calibration data for our Hamamatsu DISCUSSION

R6835 PMT, we estimatef{os ¢/ £1250 =0.953(15). Simi- We suspect that the discrepancy between our result and
larly, calibration data for our Harshaw-Bicron Mgwindow  the 39-s lifetime obtained previously may stem from uncon-
allow us to estimateT;p3 ¢/ T125 9 =0.9719). Although the  sidered effects in the earlier work. In particular, the analysis
magnetic-dipole matrix element between the; and *P,  in Ref.[3] assumed linear extrapolations of the fluorescence
states is not known with great accuracy, an adequate estimagiecay rate to a background-gas pressure and a MOT duty
of the blackbody rate at room temperature comes from stareycle of zero. These extrapolations seem not to be fully jus-
dard perturbation theory[11], which suggests Rgg tified by the data presented, which indicate that the rate is
=0.0003(2) s. linear only for MOT-on duty ratios>20% and that the
From more than 200 measurementsRyfwe find an av-  pressure-dependent rates all converge-@t04 s *, regard-
erage normalized count raf,,=0.0388(21) s’. This re- less of background gas. Moreover, the analysis did not suf-
sult reflects photon-count accumulationsXfN,,)~34000 ficiently differentiate between MOT-on and MOT-off condi-
andX(Ng)~4000, each obtained over a rigated observa- tions, which are known to involve different collisional loss
tion time of nearly 1600 s. The corresponding quench total otonstant§12,13. Thus, it is conceivable that some system-
2(Ng)~2X 10° is the result of~4000 applications of the atic error may have found its way into the earlier resuilt.
guench laser. Some of the data included here are from runs in As suggested above, we have taken all reasonable steps

012507-3



J. LEFERS, N. MILLER, D. RUPKE, D. TONG, AND M. WALHOUT PHYSICAL REVIEW A6, 012507 (2002

160 . T T T . T the measured values, especially for the heavy elements. A
e o et o Ko heors leading explanation for this long-standing disagreement has
—a— Trap-loss measurements (Ref. 3) been that the uncertainties in relativistic effects and electron
120H +Ph‘}§;’2;?2‘;‘:,‘3“§,;‘;§;‘;§‘3§‘;}§“‘5 J correlations make it difficult to eliminate computational in-
O accuracies. These considerations are especially problematic
g in the heavier atoms. Very recently, Desclaux, Indelicato, and
g Kim [14] have been investigating different forms of electron
5 8or T correlation in a multiconfiguration Dirac-Fock model, and
o their preliminary lifetime calculations are indeed strongly de-
pendent on the configurations used. However, it is promising
a0k { I 4 that some of their configurations yield lifetimes exceeding
/ the experimental values by only 20—30 %. More on this ap-
parent progress will be forthcoming.
Neon  Argon Keypton Xenon Perhaps more relevant to the present discussion iZ the
00 20 40 60 80 100 120 140 dependence found by different investigators. Katori and

Shimizu’s trap-loss measurements suggest very little differ-

ence between the Ar and Kr lifetimes, and their results lie
FIG. 2. Summary of experimental and theoretiéBl, lifetimes surprisingly close to the Xe value of Ref4]. However,

for the rare gases. Note that the photon-counting method used ihen the Xe result and our present measurement are consid-

this work and in Ref[4] supports the theoretical expectation of ered together, it appears that these two VUV-photon-

clearZ dependence. counting measurements confirm the theoretical expectation

that we can think of in order to eliminate systematic biases i onger lifetimes for higheZ. In fact, we find a Kr:Xe
lifetime ratio that is quite close to what is predicted by the

our result. We wish to emphasize that nonradiative collisions,

which are of utmost concern in trap-loss measurements Calxn;alculations of Desclaux, Indelicato, and Kim. This outcome
not compromise our VUV-photon-counting technique.' oftends to foster confidence in the general trend predicted by

course, our analysis does not consider the possibility of nort€0rY-

exponential decay, a topic that has attracted considerable in-

terest. In order for both Kr measurements to be correct, the

3p, state would have to decay faster at short timd.0 m9 ACKNOWLEDGMENTS

than at long timeg~10 9. A detailed discussion of this in- This work was supported by Research Corporation

triguing but seemingly unlikely scenario is beyond the scopgAward No. CC425), the National Science Foundation

of this paper. (Grant No. NSF 9876679and Calvin College. For helpful
Figure 2 gives an overview of some measured and calcudiscussions and the loan of equipment items, the authors also

lated 3P, lifetimes for the rare gases. It is immediately ob- thank colleagues in the Physics Laboratory at NIST, Gaith-

vious that the theoretical predictions lie significantly aboveersburg, MD.

Mass Number

[1] N. E. Small-Warren and L.-Y. C. Chiu, Phys. Revla 1777 [8] E. Raab, M. Prentiss, A. Cable, S. Chu, and D. Pritchard, Phys.

(1975. Rev. Lett.59, 2631(1987.
[2] P. Indelicato, J. P. Desclaux, and Y.-K. Kimnpublished See [9] K. B. MacAdam, A. Steinbach, and C. Wieman, Am. J. Phys.
also Refs[4] and[14] below. 60, 1098(1992.
[3] H. Katori and F. Shimizu, Phys. Rev. Left0, 3545(1993. [10] A. A. Radzig and B. M. SmirnovReference Data on Atoms,
[4] M. Walhout, A. Witte, and S. L. Rolston, Phys. Rev. Lét2, Molecules, and longSpringer-Verlag, Berlin, 1985
2843(19949. [11] Alan Corney, Atomic and Laser SpectroscopyClarendon
[5] R. Marrus and P. J. Mohr, Adv. At. Mol. Phy%4, 181(1978. Press, Oxford, 19%7 pp. 181, 276-277.
[6] W. D. Phillips, J. V. Prodan, and H. Metcalf, J. Opt. Soc. Am. [12] H. Katori and F. Shimizu, Phys. Rev. Le#3, 2555(1994).
B 2, 1751(1985. [13] M. Walhout, U. Sterr, C. Orzel, M. Hoogerland, and S. L.
[7] T. Barrett, S. Dapore-Schwartz, M. Ray, and G. Lafyatis, Phys. Rolston, Phys. Rev. Let4, 506 (1995.
Rev. Lett.67, 3483(1991). [14] Y.-K. Kim (private communication

012507-4



