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Lifetime measurements of the D levels of atomic francium
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We present lifetime measurements of thBs5 and ™5, levels of Fr. We use a time-correlated single-
photon counting technique on a sample?fFr atoms confined and cooled in a magneto-optical trap. The
upper state of the 75, trapping transition serves as the resonant intermediate level for two-photon excitation
of the 7D states. A probe laser provides the second step of the excitation, and we detect the decay of the atomic
fluorescence. Our measurements help extend the knowledge of this class of atomic wave functions in which
correlation effects are very significant. We measure lifetimes of78.8 ns and 67.%2.9 ns for the Dy,
and D5, levels, respectively.

PACS numbd(s): 32.70.Cs, 31.15.Ar, 32.80.Pj

[. INTRODUCTION ture, and probe Fr. Section Il explains our use of a time-
correlated single-photon counting method as applied to a
The wealth of work performed on francium at ISOLDE small sample of trapped and cooled Fr atoms. We present our
[1] opened the possibility to cool and trap this radioactivemeasurements in Sec. 1V, with a discussion of them in Sec.
heavy alkali metal in sufficient quantities to perform further V. Section VI summarizes our results and we conclude with
spectroscopic studief2,3]. Until now, our experimental Sec. VII.
work on the electronic states of francium has been on the
low-lying SandP states(See Refs[4—_6], for e_xamp_le). The _ Il PREPARATION OF SAMPLE
understanding of these states—their energies, dipole matrix
elements, and hyperfine constants—is beginning to reach a The production, cooling, and trapping of Fr on line with
level comparable to that of the other alkali metals. Of parthe Superconducting LINAC at Stony Brook have been de-
ticular interest is the quantitative knowledge reached by thecribed previously{14]. Briefly, to make Fr, a 100-MeV
atomic theory calculation&7—9] and its agreement with our beam of 120 ions from the accelerator impinges on a gold
measurements, strengthening the possibility of a parity nortarget. We extract-1x 1P francium ions/s out of the gold
conservatiofPNC) measurement in a chain of francium iso- and transport them abbd m to a hot (~1000 K) yttrium
topes[10]. neutralizer. From here the neutral atoms enter a dry-film
We would like to reach a similar quantitative understand-coated glass cell where they are cooled and trapped in a
ing of the low-lying 7d level. To this end, we are performing magneto-optical tragMOT) with 10°— 10* atoms captured
accurate measurements of properties of the levels that givie steady state. The trap operates on line in the target room of
us information about the quality of the theoretical calcula-the accelerator with the experiment controlled remotely.
tions both at short rangényperfine structureand at long Figure 1 shows the energy levels &t%r relevant for
range (atomic lifetimes. The energies and hyperfine struc- trapping and the lifetime measurements. A Coherent 899-21
ture of high-lyingD states (=8-20) have been measured titanium-sapphire laser operating at 718 nm excites the trap-
previously[1,11]. We recently located the energies and meaping and cooling transition (3,,,F=%—7P3,,F=%).
sured the hyperfine structure of th®4), and ™D, states An EOSI 2010 diode laser operating at 817 nm repumps any
[12]. The very different angular momentum properties of theatoms that leak out of the cooling cycle via th&;%,F
d levels, particularly the large contributions from correlation = 4—7P,,,,F=32 transition. A computer-controlled scan-
corrections, make calculations of their structure from firstning Fabry-Perot cavity monitors and holds the long-term
principles more complicated than for teandp levels. Fort-  frequencies of both laserkl9]. A charge-coupled-device
son [13] has a scheme to perform a PNC measurement i@CCD) camera collects the trapping cycle fluorescence and
Ba’, using the & and B states by monitoring the ground- monitors the number of atoms in the trap during measure-
state spin rotation induced by an intense laser beam. Alments.
though it is not possible to directly adapt this suggestion to a We operate in a regime where the steady-state number of
measurement in Fr using theS7and @ levels, other atoms is small, a few thousand, to make sure that the density
schemes may be feasible and require further study. of the sample is lowtrap diameter 1 mm The trap operates
In this paper we report measurements of the lifetime ofwith a typical detuning of , wherel’ = 1/7 and an intensity
the 7D 5, and s, states that present a new challenge to thethat produces a generalized Rabi frequency-@f.5" [12].
most sophisticated techniquesaids initio calculations using
many-pody perturbation theo(WIBPT). The structure of the Il METHOD AND APPARATUS
paper is as follows. Section Il reviews how we make, cap-
We measure the lifetime of thed7levels using time-
correlated single-photon countind5]. This method has
*Electronic address: Joshua.Grossman@sunyshb.edu been used, for example, to measure lifetimes of atoms in
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FIG. 2. Block diagram of experiment.

less than optimal performance comes from the large wave-
length of the excitation, 35% longer than the designed wave-
length for the EOMs. The probe laser is on for 200 ns each
rPﬁycle.

An /1.3 optical system collects the fluorescence. A
_ _ 1-mm-diam aperture at a focal point in the assembly rejects
beams[16], atoms in vapor cell$17], and trapped single |ight spatially separated from the trapped atoms. This re-
ions[18]. We applied it for the lifetime measurements of the qyces the background and prevents saturation of the photo-
7p levels of trapped atomic franciufd]. _ multiplier tube (PMT). For the measurement of theD,

The time-correlated single-photon counting uses a shoffftetime. a Hamamatsu R636-10 PMT operating in photon-
pulse of resonant laser light to populate an excited state &ounting mode detects the 833-nm fluorescence of the decay
t=0. The arrival times, With respect to the excit'ation pulse from the D4 7Py level. Appropriate glass and interfer-
of the spontaneously emitted photons when histogrammegce filters reject light at other wavelengths. Because the
directly show the exponential decay of the state. The tech7D5/2 level does not decay to theP%, level, a cooled
nique requires some care to have a small enough excitatioqgamamatsu R2658P PMT with appropriate interference fil-
rate in order to minimize systematic problems from pulseiers detects the 961-nm fluorescence of the decay from the
pileup. It works best with thin samples of atoms and We7D, ., 7P, level. The quantum efficiency of this PMT
operate in a regime where the likelihood of getting afluores-(~0_3% at 961 nmis more than an order of magnitude
cence photon per excitation is much less thdd|1Roughly,  |qwer than that of the R636-10~(7% at 833 n At this
the fractional statistical inaccuracy of the method scales Wm\‘/vavelength, scattered blackbody radiation from sources such
/YN, whereN is the number of detected photofis8]. So it a5 the nearby hot neutralizer cannot be completely excluded.

is possible to achieve accuracies of a fraction of 1%. We amplify and discriminate the pulses from the PMT
We have adapted the technique that we applied to the 7

levels to measure thed7levels. We require a two-photon )
transition to excite the @ levels. The resonant intermediate probe chopping
level is the upper state of the trapping transitio®z4, F
=13 A second Coherent 899-21 titanium sapphire laser op-
erating at 969 nm or 961 nm excites the transition from the
intermediate level to the recently observelf,, F=% or 200 ns—>| |
7Dg,, F=% levels[12], respectively. A Burleigh WA-1500

wavemeter measures the frequencies of all three lasers. Fi¢

ure 2 shows a block diagram of the experimental system.

The measurement operates on a4 cycle, as shown in TAC gating
Fig. 3. We keep the trapping and cooling lasers on all the
time, then we excite a small fraction of the atoms in the
7P5), state with the 969-nm or 961-nm probe laser. Follow-

FIG. 1. Energy levels and lasers relevant to the trap operatio
and lifetime measurements.

800ns ———>]

ing the probe pulse, we detect the decay of fluorescence fo—
500 ns. “ |«——500 ns—»}«——500 ns—>|
The probe laser is chopped by two @gar LM0202 FIG. 3. Timing for the lifetime measurements. The upper trace

electro-optic modulator€EOMs). We use two modulators to s the chopping of the probe with the decay of the fluorescence from
extinguish the light as sharply and thoroughly as possiblethe 7D; state indicated schematically. The lower trace is the TAC
The extinction ratio is better than 150¢after 30 ng. This  gating.
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before sending them to the pulse processing electronics. We 0, t<O0

keep the rate of photon counts low to prevent double pulse g(t)= Be " t=0 2
events and reduce dead-time systematic effects in the elec- T

tronics. wherer is the D state lifetime. After the start of the pulse

The timing sequence for the chopping and detection i, _off the fluorescence decay is given by the convolution
derived from a BNC 8010 pulse generator triggering tWOoffandg

LeCroy 222 gate and delay generators. Detected fluorescence

photon-counting pulses start an Ortec 467 time-to-amplitude

convertef TAC), and the TAC stop pulse comes from one of (feg)(t)= f_

the gate generators. Starting the TAC with a fluorescence

photon eliminates the accumulation of counts from cyclesye operate with probe intensities well below the two-level

with no detected photons. A multichannel analy@CA)  saturation intensity of 3.1 mw/cm In our experiment the

bins the TAC output to produce a histogram of the events. prope pulse is sufficiently long~200 ns) that we can ne-
The Gsager EOMs extinguish the probe light in a finite glect the pulse turn-ofthe first line of Eq.(1)]. Doing this

time. The turn-off function is well modeled by a Gaussian,ang substituting Eq€1) and(2) into Eq. (3) yields
so we describe the fluorescence function as the convolution

of a Gaussian with an exponential decay. In our measure-
ments of the Ds, lifetime, the PMT counts photons at the (feg)(t)=A’
excitation wavelength, so scattered photons from the excita-

t f(T)g(t—T)dT. 3

Teftlr(e(d+tc)/7_ e(7d+tc)/7)

tion pulse are also counted. 5=
4 277e*(ZtT*2d7'72t07'7W2)/7'2 erf w7
2w 27

IV. MEASUREMENTS AND FITS

We accumulate~1000 fluorescence counts/channel in + erf] ] (4)
2048 channels for the Oy, lifetime and ~30 counts/ Vawr

channel in 8192 channels for theD¥,, lifetime in about where A’=AB and erf§) is the error function. The first

30 min per data set with atoms in the trap and the probe laser "~ o : :
on resonance. The signal gives the exponential decay of ﬂ%rm in Eq.(4) is just a pure exponential decay resulting

fluorescence for about five lifetimes for th®4, measure- om'the flat part of the pullse.. Thg sggond term result§ from
ment and about three lifetimes for th7 melzasurement the finite turn-off. In the limit of infinitely ff';\st switching
The statistical quality of the data is much /tz)etter for ti®, 4 ~ (w=0), Eq.(4) reduces to a pure exponentlal decay.
lifetime measurements, than for th®4, measurements /For (_)ur measurements of thedy, lifetime count photons at
' /2 y different wavelength from the probe laser, so the PMT does
the 7Dy, measurement, th? background count rate is 150 ot count scattered photons from the probe pulse. We fit
Hz, mostly from scattered light from the trap laser that Ieaks,[h ese data sets with
through the interference filter. For theD¢,, lifetime mea-
surement(961-nm photon counting the background count hao(t)=(feg)(t)+c, (5)
rate is 600 Hz mostly from blackbody radiation of the hot
neutralizer, from dark counts, and from the trap laser. Wewnherec is a constant background. The fit takes valuesvof
also shift the trap laser off resonance so that there are nd, andt, obtained from background data sets and usesr,
atoms in the trap and collect background to look for systemandc as free parameters. Results obtained in this way agree
atic effects in the timing electronics. with the results of fits to a region well after the probe turn-
The chopping EOMs have a finite switching time. To off, using a pure exponential decay plus a constant back-
study the excitation pulse, we collect background data byground. We report the results of the latter fits as they involve
counting photons scattered from the probe pulse without anfewer parameters. Figure 4 shows an examle,/ decay
atoms in the trap. The pulse is well modeled by a flat topcurve data set with an exponential fit.
with a half-Gaussian turn-on and turn-off. Taking timas For the D5, lifetime measurements, the detection wave-
the independent variable, we fit to the function length is the same as the excitation wavelength, so the PMT
also counts scattered photons from the probe pulse. We fit
S these data sets with
Ae*(t*tc‘Fd) /(2w ), t—tc< —d

=1 A [t—t]<d W hslt) = (feg) (1) + (1) +c, ©)

Ae—(t—tc—d)zl(sz), t—t.=d The fit takesA, A’, 7, andc as free parameters, amndd, and
t. are fixed from background data fits. This approach allows
us to include sections of the data in which the atomic fluo-
and obtain the pulse center, the pulse width @, and the rescence has not decayed much. In these sections the signal-
switching time constan. For a population of atoms starting to-noise ratio is much greater than in sections well after the
att=0 in the D, state, the excited-state population decay isprobe turn-off, where counted photons are nearly a pure ex-
given by ponential decay. Figure 5 shows a sampl&g 4 decay data

tr— dT—tCT—Wz)
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105, V. DISCUSSION

We calibrate the time scale of the TAC and MCA with a
9.5-MHz oscillator with a stability better thanx110~6. An
unchopped laser produces photon counts, which we gate with
the oscillator. The gated pulses serve as both the start and
stop of the TAC. This produces randomly distributed events
separated in time by an integer number of periods of the
oscillator. The time calibration of the TAC and MCA has an
uncertainty of+0.04% and+0.06% for the D, and Dy,
measurements, respectively. For both measurements the time
scale is linear ta- 0.04% over the entire range of channels
with data. Fitting the lifetime measurements with a time
scale that is linear with an adjustable quadratic correction has
a negligible effect on the lifetimes. We measure the linearity
. in the height scale of the TAC and MCA with photons from
2] ~. .- T . a flashlight source that are randomly separated in time. The

counts

e} - . . binned counts are entirely consistent with a flat line.
B 14 . = . .
E 0. . et - For a given cycle, the TAC can only register one photon.
S ] . =7 RS A correction to the raw data accounts for the preferential
@ 1] . - LT T counting of early eventgl5]. If N; is the number of counts
-2 . . o in MCA channeli, andng is the total number of excitation
-3 ) — ) — . cycles, therN/ , the corrected number of counts in chanipel
0 100 200 300 400 500 is g
. given by
time [ns]
FIG. 4. Decay curve of thed s, level with fit residuals. On the N/ = Ni ) )
upper plot the data points are the fluorescence counts minus a con- : 1 2
stant backgroundEvery ten channels have been added together. 1-— N;

The line is a fit to an exponential decay. The lower plot shows the
residuals of the fit divided by the statistical uncertainty of each

point Low count rates, as in our case, keep this correction small.

The correction alters the fitted lifetime of thé®3, state by

0.06%. It does not significantly affect the fitted lifetime of

set with the corresponding fits. The solid line is a fit to datay, 7D, state because of the low statistics of the measure-
using Eq.(6). The dashed line is a scaled fit of H4) to a  ant.

background data set collected by counting photons while ap- A gj,sting the range over which the data are fitted, we find

plying the excitation pulses with no atoms in the trap. a variation in the obtained lifetime. We change the beginning
and end of each data range and find no systematic trends in
the fluctuation of the lifetimes. The truncation uncertainty is
the standard deviation of the lifetime for different starting
and ending points of the fit. For theDg,, measurement, the
uncertainty is+0.11%, and for the D5, measurement an
uncertainty of==1.03% accounts for the variation.

We have searched for quantum beats in the fluorescence
decay signal but have not observed any. Quantum beats arise
when a short laser pulse excites two closely spaced energy
levels with energieg; andE, from a common lower level.

To coherently excite the two levels with a laser pulse, the
spectral bandwidth of the pulse must be greater than the fre-
quency separation of the levels. The quantum interference
between the levels then modulates the total exponential de-
cay of the fluorescence. Following the treatment of
Demtrader [20], the total intensity of the emitted fluores-
cence with quantum beats as a function of time is

counts

200

0 200 400
time [ns]

FIG. 5. Decay curve of theOs, level. The data points are the _y
fluorescence counts from the excitation pulse and the subsequent I(t)=Ce "" [D+E cogwnt)], (8)
decay of the Dg;,— 7P3, fluorescence(Every 20 channels have
been binned togethgrThe solid line is a fit to the data and the Where w,;=(E,—E;)/%. The coefficientsD and E can be

dashed line is a scaled fit to a background data set as explained @mputed from the matrix elements between the levels in-
the text. volved in the excitation and decay transitions. The excitation
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and fluorescence geometries also determine the spatial de-  TABLE I. Error budget for the lifetime measurements.
pendence of the amplitude of the quantum bé&ats

In 2%%Fr, the adjacent hyperfine level is separated by 167Error D3, (%) 7Dspp (%)
MHz for the 7Dy, state and 117.5 MHz for theD¥;, state -
[12]. This is much larger than the 500 kHz bandwidth of ~Statistical +0.38 *4.14
the exciting laser. The 30-ns turn-off time of the chopping'uncation +0.11 +1.03
EOMs is too long to give sufficient laser bandwidth to co- Time calibration +0.04 +0.06
herently excite both hyperfine states. A fast Fourier transTAC/MCA nonlinearity <*0.01 <*0.01
form of the fit residuals reveals no distinguishable compo-Quantum beats <=*0.01 <=*0.01
nents at the hyperfine splitting frequency.

The 7D; hyperfine levels that we excite also have mag-Total +0.40 +4.3

netic sublevels that can potentially contribute quantum beats
If the Zeeman quantum beats have a period of oscillation

longer than the atomic lifetime, they could cause a systemyjidth of the MCA bins corresponds t6=0.2784 ns and
atic shift in the lifetime. A magnetic field shifts a hyperfine s—g 1776 ns for the D, and MDs, measurements, re-
magnetic subleveing in energy byAE=grugBme, where — ghactively. Our excitation and detection geometry allows co-
gr is theg factor for the levelug is the Bohr magneton, and perences between excited: sublevels differing byAmg

B is the external magnetic field. The difference in energy_,, [21]. If a 1-mm trap forms at the zero of the field in the
shifts between sublevels determines the beat frequency. TI%e-G/cm gradient, the expected beat frequency for atoms at

MOT requires a magnetic-field gradient in three dimension ; ) X 15
that is present during the measurements. The atoms at difftjg:'e maximum field of 0173 G is 134 kHz forl¥y,, F = 3* and

ent locations in the trap experience different energy shifts 96 kHz for Dg;p,F=7. In our calculatlon_s,.the quantum
For balanced MOT beam intensities and polarizations, th@eats affect the lifetime measurement negligibly.
trap center is at the zero of the magnetic field. The different | N€ intense trap laser creates an Alljstler-TOV\(rwsStar_k
energy shifts due to the MOT magnetic-field gradient, to-SPlitting of the intermediate Ry, ,F=7 state[12]. This
gether with the different light polarizations resulting from splitting is typically ~35 MHz. Numerical optical Bloch
the intersection of the three pairs of.- ando_- polarized ~ €quation calculations of the evolution of the level popula-
laser beams, tend to average out the effect of Zeeman beatins and coherences indicate no discernible effect on the
We have calculated the maximum contribution of the Zeeimeasured lifetime from this splitting.
man quantum beats to the fitted lifetimes. Following Ref. The density of the atoms in the trap is low £xa0*
[21], for a rectangular excitation puls¥(t,) of lengthd and  atoms in 1 mm). In this regime, effects such as radiation
a detection window of widtl# occurring at timeAt after the  trapping, superfluorescence, and quenching due to collisions
center of the excitation pulse, the rate of fluorescence iglo not alter the measured lifetime. In our previous measure-

given by ments[4] of the lifetimes of the P states in Fr and thef
R(At, 8, 8)x 2 fumfime 9 O states in Rb, we studied several other possible sources of
mm’ error that contribute at a level that is negligible in the mea-
At+802 (62 surements reported here. An imbalance of the trap laser
X P(t,) beams that displaces the trap center by one trap diameter
At+ 012 J 012 (~1 mm) does not significantly affect the measured life-

s ' , time through Zeeman quantum beats or any other means.
xXexd — (o, +T)(t'—te)Jdtedt’, (9) Varying the MOT magnetic-field gradient does not affect the
where f and g are, respectively, the excitation and decaymeasurements. The number of atoms in the trap is small so
transition matrix elements connecting the lower stateend  that any residual probe laser light that is not fully extin-
m’ with the upper stateg. and »’. The decay rate i’ guished by the chopping EOMs does not cause a measurable

=lrandw,, =(E,—E,/)/%. Integrating, we find background count rate. Modulation of the trap laser fre-
quency also affects the obtained values at a level that is
R(At,0,8)x >, fumfmur O m O negligible in these measurements.
m,m’,

TABLE II. Comparison of measured lifetimes with theoretical

~TT/ 2, 2\2
x[e /(I + )] predictions from semiempirical calculations aab initio MBPT

X{[wz—F2+ 2i wF][COSwT+e_F® calculations of radial matrix elements.

X cosw(T+0)—e ’cosw(T+ 6) 7(7Dgp)(ns)  7(7Dsp)(ns)

—e "cosw(T+6)]+[2wl —i(w?—T?)] This work [7(7D;)] 73.6-0.3 67.7:2.9

i 1o 1o Dzubaet al. [7] 75.4 68.7
X[sinoT+e  “sino(T+0O)—e Safronova and Johnsd8] 76.0 69.5
X sinw(T+ 0)—e_r‘$sinw(T+ O, (10) va,n Wijngaarden and Xif22] 75.9 70.3
Biemontet al. [23] 53 77

where ®=60+6 and T=At—0/2. In the limit of a long  Theodosioy24] 745 82.7

excitation pulse, the terms involving are negligible. The
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TABLE lIl. Elements of Table IV of 7], radial integrals for Ftin units of the Bohr radius The 75-7p;,
radial integral calculations converge much better than ubul,l7d3k integral calculations.

Brueckner
Brueckner plus

Transition RHF TDHF orbitals non-Brueckner Prediction
75-7p1j2 —-6.311 —5.851 —5.261 —5.241 —-5.271

75-7Pap -6.153 —5.742 —5.124 —5.104 —-5.133

7p1/2'7d3/2 _1722 _1855 _3015

732703 —2.670 —-2.791 —4.213

732705 —-2.759 —2.850 —3.992

VI. RESULTS close to that of the @, they contribute less than 1% to the

Table | contains the error budget for the lifetime measure:[Otal decay rate. As aresult, they have been neglected in the

ments. The standard deviation of the mean of the lifetime fité:r?écgtl)aﬂ]oit?os ggZﬁﬁ%nlh; Ig\éﬁlb:tzﬁlrf%rgirg gg}?&?\i‘j’:y
is =0.38% for the D5, state and*=4.14% for the Dy, ]

state. Combining the uncertainties in quadrature gives a tot e}nd Johnson9] is impressive given the complexity of the

Zalculations. Still, the agreement of calculatidi’s8] with
uncertainty of=0.40% and+4.3%, respectively. This gives . i ' o .
lifetime results of 73.6:0.3 ns for the D, state and previous measurements of the ylifetimes is about a factor

of 2 better than here(The calculated P;—7S,;,, matrix
67'_'?;:b2|é9”n:02r;?§s%ﬁ2r T}t‘itt?he measurement results wit elements agree within 1% with the experimentally derived
P r\/alues) The large contributions from core electron correla-

E{fednlc?ﬁs?zzbg%egn%n r;zgemgt'ﬂia;éﬁi‘;ﬂ%gz]nsaﬂ;O\,Svﬁwam{ions associated with the states are the main factor limiting
9 ' ' the precision of atomic calculations for these sta®&6).

gft?tilrr:i]t?s r?]t:r?'r_]gg dfron;rrti?ﬂtggt:ﬁegf?msgnt‘ﬁ'h(;a:ﬁglt?r;eed byTable Il reproduces elements of Table IV of RET]. The
of an excitedystaté)(/ iz related to the decay rates to other | - 232 7Suz calculations clearly seem to be converging
y with each successive correction smaller than the previous

statesi by one. On the other hand, thé®%, 57— 7P, 3,do not appear
1 1 to be converging. With large correlation corrections, e
—= 2 . (11 states are not as well suited to perturbative treatment as are
Tk T Tk the SandP states.

The decay rate to a stateis related to the reduced radial
matrix element between the two states by Vil CONCLUSION
5 We have used two-photon excitation and time-correlated
1 4oy [Glrll90P single-photon counting techniques on a sample of ¢bEr
T 3 ?a 23, +1 (12 4toms confined in a MOT to measure the lifetimes of the
7D, and D5, excited states. These lifetimes are the first
where w,; is the transition energy divided by, c is the test of calculations of radial matrix elements connecting two
speed of lighta is the fine-structure constant, is the an- ~ €xcited states in Fr. They provide a more stringent test of the

gular momentum of statie and(Jj|r|J,) is the reduced ma- ability to calculate core electron correlation corrections than
trix element.[Note that Dzubaet al. calculate the radial in- the SandP state lifetimes do. Correlation corrections in the

tegral [R;(r)rR(r)dr. To obtain the radial matrix element SandP states are the dominant uncertainty in calculations of
(Ji[r3), multiply the radial integral by the angular coeffi- the 7S—8S parity nonconserving amplitude in francium
cient <Ji||F||Jk>-] Because we measure the lifetimes of the[27]. TheD states also present an interesting alternative for a

7D states but not the branching ratios of their decay, wearty nonconservation measuremghs).

cannot obtain the radial matrix elements from our results.

We can, however, use ttab initio and semiempirical calcu-

lations of radial matrix elements to obtain predictions for the  This work has been supported by the NSF. We thank C.

lifetimes to compare with our results. T. Langlois for contributing to these measurements. We
The 7D, state can decay to thePF and &, (J=3,3 thank M. S. Safronova and W. R. Johnson for preliminary

states, and the 05, state decays to thePg, and 83,  unpublished results, as well as V. A. Dzuba, V. V. Flam-

states. Because the energies of thHe; &tates[25] are so  baum, and M. S. Safronova for helpful discussions.
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