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Lifetime measurements of cesium 5d 2D5/2,3/2 and 11s 2S1/2 states using pulsed-laser excitation

D. DiBerardino* and C. E. Tanner
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

A. Sieradzan
Department of Physics, Central Michigan University, Mount Pleasant, Michigan 48859

~Received 18 December 1997!

We report measurements of the 5d 2D5/2, 5d 2D3/2, and 11s 2S1/2 state lifetimes in the133Cs atom to be
1281~9!, 909~15!, and 351~4! ns, respectively. A pulsed-dye laser selectively excites atomic Cs from the
ground state, via a single-photon quadrupole transition, to the 5d states and, via a two-photon electric dipole
transition, to the 11s state. A spectrometer-photomultiplier system detects the fluorescence from the decay of
interest and a digitizing oscilloscope records the direct output of the photomultiplier. The data are fit to an
exponential function to yield a value for the mean lifetime of the selected state.@S1050-2947~98!01106-8#

PACS number~s!: 32.70.Cs,42.55.Mv,42.62.Fi
n
a
s
e
a
n
o

el
s
on

pe
e

b

a
te

t
-
e

-

t
J
H
t

ta

ger

to

.19
v-

hen
di-

ore
is
to-

r-
at

h
lli-
e
G,

the
een

dred
INTRODUCTION

Measurements of atomic lifetimes are important in ma
areas of physics, including astrophysics, geophysics,
plasma physics. Scientists in these fields use the value
oscillator strengths to determine relative abundances of
ments. Accurate atomic lifetimes are needed to calculate
solute values of oscillator strengths. Lifetime measureme
also play the important role of evaluating the accuracy
atomic structure calculations. In particular, radial matrix
ements between low-lying states in atomic cesium are u
to test the theory necessary for interpretation of parity n
conserving~PNC! effects. Alkali-like atoms, with a single
electron outside a closed shell, provide the simplest o
shell systems for detailed comparison between experim
and theory.

Recent lifetime measurements in cesium are motivated
a precise measurement of PNC by Woodet al. @1#. Our
group measured, using laser excitation of a fast atomic be
the 6p 2P3/2,1/2 state lifetimes and obtained precisions bet
than 0.30%@2#. Additionally, Young et al. @3# have mea-
sured, using pulsed-laser time-resolved spectroscopy,
6p 2P3/2,1/2 state lifetimes with similar precision. More re
cently, Hoelinget al. @4# have measured, using pulsed-las
time-resolved spectroscopy, the 5d 2D5/2 state lifetime to a
precision of 1%. We began our investigation of the 5d 2D
states because of a discrepancy between theory@5# and the
experiment of Hoelinget al. @4#. We improve upon the pre
cision of @4# and include the 5d 2D3/2 state as well as the
11s 2S1/2 state.

SETUP

A Nd 31:YAG ~YAG denotes yttrium aluminum garne!
laser pumps a dye laser to produce 8 ns pulses with 6 m
energy at the interaction region at a repetition rate of 10
At these intensities, populations produced in excited sta
are a small fraction of the total number of atoms. A digi
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delay and pulse generator fires theQ switch at nonoptimal
delays to reduce the laser intensity and provide the trig
electronics. The linewidth of the laser, 0.10 cm21, exceeds
the Fourier transform limited value and is narrow enough
selectively excite cesium from either theF53 or F54
6s 2S1/2 ground state hyperfine levels separated by 9
GHz. As shown in Fig. 1 the output from the dye laser tra
els through an aperture to reduce scattered light, t
through a beam-shaping lens before reaching the 2.5 cm
ameter Cs cell. The large size of the cell allows us to ign
wall collision effects since they should be negligible for th
geometry. Scattered light is not a problem since the pho
multiplier tube~PMT! always detects at a wavelength diffe
ent from that of the excitation process. The cell is kept
room temperature, 293 K, giving a Cs density of 331010

atoms/cm3. For such a low density, collisional effects suc
as atom-atom interactions, collisional ionization, and co
sional mixing are negligible. Helmholtz coils surround th
interaction region, reducing stray fields to less than 5 m
thus eliminating the problem of Zeeman beats. For
5d 2D state lifetime measurements quantum beats betw
hyperfine states are not a concern since we view the 6p 2P
decays and any beats are on the order of a couple hun

FIG. 1. Schematic of the setup.
4204 © 1998 The American Physical Society
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57 4205LIFETIME MEASUREMENTS OF CESIUM 5d . . .
MHz. For the 11s 2S1/2 state lifetime measurement, hype
fine quantum beats are not present in our detection sch
since we view the fluorescence from the 11s 2S state and the
gyromagnetic factors for the twoF levels are equal and op
posite. The size of the interaction region is determined by
size of the laser beam, about 1 cm long by 2 mm wide,
the solid angle of the collection optics.

After a pulse excitation, fluorescent photons impin
upon a collimating lens before entering the spectrometer
wavelength selection. A red-sensitive PMT sits at the out
of the spectrometer. Since we view the 6p 2P→6s 2S tran-
sition photons at wavelengths of 852 nm and 894 nm,
must use a PMT with a low work function GaAs:Cs-O ph
tocathode that detects longer wavelength photons. The e
tronics setup is simplified by integrating the PMT signal
rectly with a 1 GHz digitizing oscilloscope, eliminating an
ringing effects from extra components. Because we do
discriminate the PMT signal, the background in a typical r
includes dark counts on the order of 20 per second. At t
t50, the laser is pulsed off and the oscilloscope records
1024 channels the current of the PMT, terminated with 50V,
as a function of time with a full time scale approximate
equal to ten decay lengths. This is repeated for either 16
or 8192 cycles as the data are averaged after each cycle
convert the oscilloscope voltage signal to a photon-coun
signal with the factor,

~ factor!5
Ttot~number of averages!

~number of channels!~V!~q!~PMT gain!
,

~1!

whereTtot is the full time scale of the oscilloscope; the num
ber of averages is 16 384 or 8192;V550V, the oscilloscope
input impedance;q521.6310219 C, the charge of one elec
tron; the number of channels is 1024; and PMT gain is
3105. With this conversion, the standard deviation in t
voltage is consistent with the square root of the numbe
photon counts, demonstrating that we are operating in a
gime that is limited by photon-counting statistics.

5d 2D5/2,3/2 states

Figure 2 shows the energy level diagram with the state
interest. In general, letN0 be the ground state population,N2

FIG. 2. Energy-level diagram showing the states of interest u
for measuring the 5d 2D lifetimes.
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the population of the excited state of interest,N1a the popu-
lation of the 6p 2P3/2 state, andN1b the population of the
6p 2P1/2 state. Then, we can callt2 the lifetime of the state
of interest,t1a the 6p 2P3/2 lifetime, andt1b the 6p 2P1/2
lifetime.

For the 5d 2D5/2 measurement, the dye laser is tuned
the electric quadrupole (E2) transition, 6s 2S1/2
→5d 2D5/2, at a wavelength of 685 nm with an oscillato
strength of 631027 @6#. The excited state decays with
lifetime t2 to the 6p 2P3/2 state, that then decays with
lifetime t1a to the ground state, releasing a photon of wav
length 852 nm. For the 5d 2D3/2 measurement, the dye lase
is tuned to theE2 transition, 6s 2S1/2→5d 2D3/2, at a wave-
length of 689 nm with an oscillator strength of 331027 @6#.
The 5d 2D3/2 state decays with a lifetimet2 to either 6p 2P
state. The spontaneous transition probabilities for these
cesses may be determined from Ref.@7# as

A~5d 2D3/2→6p 2P3/2!59.73104 s21, ~2!

A~5d 2D3/2→6p 2P1/2!58.43105 s21. ~3!

A cesium atom in either the 6p 2P3/2 state or the 6p 2P1/2
state decays to the ground state, releasing photons of w
lengths 852 nm and 894 nm, respectively.

The spectrometer is tuned to the wavelength of inter
and the PMT detects this fluorescence. The signal is sen
the oscilloscope to give a typical curve as shown in Fig.
This fluorescence spectrum is proportional to the populat
N1a or N1b , of the upper state from which it comes. Whe
the laser is turned off, the populations are given by

d

FIG. 3. Typical decay curve of 5d 2D5/2 state with fitting func-
tion and residuals.
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4206 57D. DiBERARDINO, C. E. TANNER, AND A. SIERADZAN
N1a~ t !5
t2t1a

t22t1a
A2,1aN2~0!

3H S N1a~0!

N2~0!

t22t1a

A2,1at2t1a
21De2t/t1a1e2t/t2J ,

~4!

N1b~ t !5
t2t1b

t22t1b
A2,1bN2~0!

3H S N1b~0!

N2~0!

t22t1b

A2,1bt2t1b
21De2t/t1b1e2t/t2J .

~5!

In these equations,A2,1a andA2,1b are the spontaneous tran
sition probabilities for decay to the 6p 2P3/2 state and the
6p 2P1/2 state, respectively, andN2(0) andN1a,b(0) are the
state populations att50. Specifically, the 5d 2D5/2 state de-
cays solely to the 6p 2P3/2 state withA2,1a57.03105 s21

@7# and A2,1b50. On the other hand, the 5d 2D3/2 state de-
cays to either 6p state withA2,1a andA2,1b given in Eq.~2!
and Eq.~3!, respectively. After a sufficient timet@t1a,b , the
first term in these equations will become much smaller th
the second term. For example, att5700 ns the first term
(e2t/t1a,b) is less than 10211 times smaller than the secon
term (e2t/t2). Therefore we delay the recording of the da
by 700 ns fromt50 and fit the curve to a single exponenti
given by the second term in both Eq.~4! and Eq.~5!. In
addition, this ensures that PMT saturation, which can oc
neart50, is negligible.

11s 2S1/2 state

Figure 4 shows the energy levels of interest in this set
As before,N0 is the ground state population andN2 is the
population of the excited state of interest. The dye las
tuned to a wavelength of 687 nm, excites the Cs atoms v
two-photon electric dipole (E1) transition from the ground
state to the 11s 2S1/2 state. This state decays with a lifetim
t2 to either the 6p 2P3/2 or the 6p 2P1/2 state, emitting pho-
tons of wavelengths 575 nm and 557 nm, respectively.
spontaneous transition probabilities are found in Ref.@7#:

A~11s 2S1/2→6p 2P1/2!54.03105 s21, ~6!

A~11s 2S1/2→6p 2P3/2!56.03105 s21. ~7!

Since both direct decays to the 6p 2P states are observabl
with our PMT, we can detect either fluorescence from
state of interest, giving a curve which is governed by a sin
exponential. This spectrum should be proportional to
population,N2, of the 11s 2S1/2 state and given by the gen
eral form

N2~ t !5N2~0!e2t/t2. ~8!

We did not delay the recording of these data since radia
trapping is not a concern. However, we did check for PM
saturation, as shown in our analysis.
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ANALYSIS

Since the laser can resolve the ground state hyper
splitting, we utilize the two excitation routes from theF
53 andF54 6s 2S1/2 states to the upper level. Addition
ally, there is usually more than one decay route produc
photons that are in the range of the PMT. A decay fro
6p 2P3/2→6s 2S1/2 is a D2 transition and a decay from
6p 2P1/2→6s 2S1/2 is aD1 transition. We refer to any deca
to the 6p 2P3/2 state as aC2 decay and any decay to th
6p 2P1/2 state as aC1 decay. Therefore we describe an
experimental scheme by the notation~excitation route, fluo-
rescence monitor!, whereF3 or F4 is the excitation route
and D1, D2, C1, or C2 is the fluorescence monitor. Ini
tially, the fitting program truncates the data at regular inc
ments, thus enabling us to look for any systematic effe
that change with time such as scattered light, radiation tr
ping, and PMT saturation. A nonlinear least-squares rou
developed by Levenberg and Marquardt@8# fits each data file
to an exponential function.

There are several laser-intensity effects which can a
the measured lifetimes. These include multiphoton ioni
tion, molecular excitation, glass cell fluorescence, a
atomic excitation by an amplified spontaneous emiss
~ASE! component in the laser light. We expect that molec
lar excitations are negligible in this setup since the cell
kept at room temperature. Also, multiphoton ionization
dependent upon the third power of the laser intensity, an
intensities used in this experiment this effect should
small. Similarly, there is no indication that the PMT observ
fluorescence from the glass cell. However, ASE-related c

FIG. 4. Energy-level diagram showing the states of interest
measuring the 11s 2S1/2 lifetime.
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57 4207LIFETIME MEASUREMENTS OF CESIUM 5d . . .
tributions should be considered in these precision lifeti
measurements. The ASE spectrum has a power versus w
length distribution similar to the dye amplification curv
This distribution extends from 645 nm to 730 nm with
maximum at 690 nm. The total power in the distribution
about 1% of the dye laser output power. When the ASE fr
the dye excites a cesium atom, the absorption spectrum
the transition determines the width of the transition and t
the percentage of the power imparted to that excitation. A
is a problem in the 5d 2D setup for a couple of reason
First, the laser is tuned to an electric quadrupole transi
which is much weaker than an ASE-induced electric dip
transition. Second, the PMT detects photons from the 6p 2P
states that decay to the ground state. Most undesired
cades decay through these states, producing unwanted
tons. For example, the laser, tuned to the 6s 2S1/2→5d 2D
transition, may excite an atom, via anE1-allowed process, to
an intermediate virtualp state. Then, an ASE photon at
wavelength 645 nm,lASE,730 nm may excite, via an
E1-allowed process, this atom to some even-numbered
gular momentum state. These states then decay throu
multitude of routes. Alternatively, an ASE photon atlASE
may excite an atom already in the 5d 2D state to an odd-
numbered angular momentum state that then decays thr
some path to the ground state. All of these cascades e
into the rate equations and thus show up as additional te
in Eq. ~4! and Eq.~5!. Each term depends on the lifetime
some upper state, the population of that upper state, and
spontaneous transition probability of observing a decay fr
that upper state to some lower state.

We observe these ASE effects directly when measu
the 5d 2D3/2 lifetime. The PMT views both the 6p 2P3/2
decay and the 6p 2P1/2 decay. A discrepancy in the observe
lifetimes for these two decay routes results since the
wanted cascades influence these populations in different
portions. Furthermore, this effect can also influence the
served lifetime of the 5d 2D5/2 state. We have no direc
observation of the ASE effect on this lifetime, but we c
estimate how large the effect is. In contrast, ASE sho
have no impact on the measured 11s 2S1/2 lifetime since the
PMT detects the photons that decay directly from the 1s
state and the laser excites the atom into a highly exc
state.

5d 2D5/2 results

There are ten runs using a (F4,D2) scheme and ten run
using a (F3,D2) scheme~see Fig. 2!. For a single run data
are truncated in 200 ns increments to give us 16 files to fi
a function of the form

y~ t !5Ae2t/t21B, ~9!

whereA is the amplitude of the curve,B is the background,
andt2 is the mean lifetime of the state. A graph of the val
t2 versus truncation for one run is shown in Fig. 5. As w
cut the data, the fitting routine has increasing difficulty p
pointing the parameterB.

This creates a shift in the lifetime with truncation. T
determine the background and its uncertainty we use th
methods; each can be compared with the others. First, the
of the data gives an estimate ofB and its corresponding
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statistical uncertainty. Also, ifB floats when the program fits
the untruncated data, this gives a second estimate of
background. Lastly, we determine the background to be
value ofB which gives a lifetime that is most stable again
truncations and is in fair agreement with the other two. Fr
the spread in these estimates ofB, we can assign an uncer
tainty to t2 due to the uncertainty in the background.

Having determinedB, we use a plot such as Fig. 5 fo
each run to check for systematic shifts in the lifetime a
function of truncation that might be indicative of saturatio
radiation trapping, or quantum beats. If there are no appa
shifts we take the untruncated value oft2 with an uncertainty
given by the sum in quadrature of the background unc
tainty and the statistical uncertainty with no truncations.
Fig. 5 the large black circle is the lifetime value found f
this particular run, where the error bar is due to backgrou
uncertainty alone. If there is a truncation dependent shift,
take the value oft2 at the truncation where the trend b
comes less than the statistical uncertainty. Again, the ove
uncertainty in the run is the sum in quadrature of the sta
tical uncertainty and the background uncertainty at that tr
cation. The average uncertainty due to statistics and ba
ground is given by the weighted mean of the uncertaintie
each run.

To check for ASE plus virtualp state effects and ioniza
tion, the monochromator is set to transmit light from
9d 2D→6p 2P transition, and the detection system acquir
data as in a typical run. The observed fluorescence is
than 1.0~5!% of the 6p 2P3/2 signal amplitude. We calculate
the effect that this cascade could have on our lifetime eva
ation and find a shift of12~1! ns. The uncertainty given is
the sum in quadrature of the uncertainty in the signal am
tude plus the uncertainty in the lifetimes of these unwan
states. Similarly, using this same spectrum we place an u
bound on ionization effects to be62 ns.

To check for ASE plus excitedd state effects, the digita
delay fires theQ switch at an optimal delay to give a max
mum laser intensity. We tune the spectrometer to theD1 line
while the laser excites Cs atoms to the 5d 2D5/2 level and the
oscilloscope acquires data as it would for a lifetime run. T
spectrum contains cascades through the 6p 2P1/2 state that
may arise from ionization or ASE-induced effects. The a

FIG. 5. Lifetime versus truncation for a typical 5d 2D5/2 data
run. The three graphs represent three possible values for the b
ground.
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TABLE I. Summary of all uncertainties and shifts for each state.

State of interest 5d 2D3/2 5d 2D5/2 11s 2S1/2

Decay route viewed D1 D2 D2 C1,C2

Mean resulta 925 ns 995 ns 1288 ns 351 ns
Statistics plus background 64 ns 65 ns 64 ns 62 ns
Ionization 62 ns 64 ns 62 ns 63 ns
ASE plus virtualp state 1261 ns 1864 ns 1261 ns
ASE plus excitedd state 218614 ns 291687 ns 2968 ns
Otherb 60.5 ns 60.5 ns 60.5 ns 60.5 ns
Total 909~15! ns 912~87! ns 1281~9! ns 351~4! ns

aWeighted by statistics plus background.
bIncludes quantum beats, atom-atom and wall collisions, radiation trapping, and blackbody radiation.
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plitude of this signal is below 0.5~2!% of the on-resonance
6p 2P3/2 signal. Since the PMT is about five times mo
sensitive at a wavelength of 852 nm than it is at 894 nm,
actual percentage of the 6p 2P3/2 signal due to these cas
cades is closer to 3~1!%. Furthermore, when the laser is d
tuned from the 5d 2D5/2 level about half of the signal,
1.5~5!%, from the 6p 2P1/2 state remains. In this situation
there is no ASE-induced resonance; thus there is a reduc
in the signal size. Next, we detune the laser and set
monochromator to transmit the off-resonant 6p 2P3/2 signal.
The signal is about 0.5~2!% of the on-resonant 6p 2P3/2 sig-
nal. We assume that theD2 on-resonance contribution i
about a factor of 2 larger than theD2 off-resonance contri-
bution, as was shown in theD1 signal, and we get a fina
value of 1.0~4!%. This 1.0~4!% signal amplitude comprise
both ionization and ASE-induced resonance effects. Our
lective estimate for ASE-induced resonance effects
0.5~3!% of the on-resonant signal. During an actual data
the digital delay fires theQ switch at nonoptimal delays as
means for adjusting the laser intensity. The typical laser
tensity is approximately 20% of the maximum laser intens
used in these tests. The fractional size of ASE effects
larger by a factor of 5 at this lower laser intensity and io
ization effects are reduced by a factor of 125. Thus we e
mate that the ASE-induced resonance effects contrib
3~2!% to the 6p 2P3/2 signal amplitude, corresponding to

FIG. 6. All 5d 2D5/2 runs with error bars given by the sum i
quadrature of the statistical uncertainty plus background un
tainty.
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29~8! ns shift in the lifetime. The error in the shift is th
sum in quadrature of the uncertainty in the amplitude p
the uncertainty in the lifetimes of these unwanted states

Other systematic effects include quantum beats, at
atom collisions, wall collisions, blackbody radiation, and
diation trapping. These effects contribute less than60.5 ns
to the uncertainty in the measured lifetime. We take
weighted mean of the lifetimes from the 20 runs using
statistical plus background uncertainties and include the
tematic shifts in the measured lifetime. We obtain a 5d 2D5/2
lifetime of 1281~9! ns, where the error is the sum in quadr
ture of the errors due to background fluctuations plus sta
tics, laser-intensity effects, and other systematic effects
summary of these uncertainties and shifts is shown in Ta
I. Figure 6 is a plot of the 20 runs with individual error ba
from background fluctuations and statistics given. We sh
our final result in Fig. 7 and compare it to other experime
and theory.

5d 2D3/2 results

There are eight runs using a (F4,D2) scheme, eight run
using a (F3,D2) scheme, eight runs using a (F3,D1)
scheme, and eight runs using a (F4,D1) scheme. For a
single run we truncate the data in 200 ns increments, obt
ing 16 files. If we fit both theD1-viewed data and the
D2-viewed data to a function of the form in Eq.~9! and

r-
FIG. 7. Survey of 5d 2D lifetime measurements. Theoretic

values are plotted without error bars. Experimental values are p
ted with error bars.
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57 4209LIFETIME MEASUREMENTS OF CESIUM 5d . . .
proceed as we did in the 5d 2D5/2 analysis we obtain differ-
ent values for the lifetime:t2(D1 view!5925~4! ns and
t2(D2 view! 5 995~5! ns, where the error is just the stati
tical uncertainty summed in quadrature with the backgrou
uncertainty~see Fig. 8!. This discrepancy is an indicatio
that either ionization, ASE effects, or both are contributing
the signal and shifting fitted values of the lifetimes. Since
spontaneous transition probabilities given in Eq.~2! and Eq.
~3! indicate that the 5d 2D3/2 state decays almost exclusive
to the 6p 2P1/2 state, it is reasonable to assume that ioni
tion and ASE effects have a greater impact on
D2-viewed lifetime.

To determine the size of the ASE plus excitedd state
contribution, the digital delay fires theQ switch at an opti-
mal delay to give a maximum laser intensity. Then, we
tune the laser from the 6s 2S1/2→5d 2D3/2 transition while
the PMT observes the chosen route. The amplitude of
off-resonantD1 signal is about 2.0~5!% of the amplitude of
the on-resonantD1 signal, while the amplitude of the off
resonantD2 signal is about 7~2!% of the amplitude of the
on-resonantD2 signal. In both cases, the signal size w
independent of laser tuning. Nevertheless, this does no
rectly tell us the effect that ionization or ASE has on t
signal when the laser is tuned on resonance. The 5d 2D5/2
tests give us an indication. In the 5d 2D5/2 case, the off-
resonant effects for theD1-viewed signal were about half o
the on-resonant effects for theD1-viewed signal. This ion-
ization or ASE effect is probably similar for both 5d 2D
states. The estimates give a 4~1!% signal amplitude for on-
resonantD1-viewed data and a 14~4!% signal amplitude for
on-resonantD2-viewed data for 5d 2D3/2 excitation. In ad-
dition, at these high laser intensities ionization effects
enhanced. Ionization contributes about twice as much to
6p 2P3/2 decay as it does to the 6p 2P1/2 decay. Also, ion-
ization should account for about 50% of the on-reson
D1-viewed amplitude due to all laser-intensity effects. B
cause of this, the best estimates of the on-resonant A
induced amplitudes are 2~1!% for theD1 view and 9~6!% for
the D2 view. The laser intensity is a maximum when t
tests were performed and the laser intensity during data

FIG. 8. All 5d 2D3/2 runs with error bars given by the sum i
quadrature of the statistical uncertainty plus background un
tainty. Apparent is an offset in the fitted value of the lifetime due
ASE-induced effects.
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is about one-fourth of this maximum intensity. Thus there
an additional factor of 4 which multiplies these estimates
give an 8~4!% signal amplitude for on-resonantD1-viewed
data and a 36~24!% signal amplitude for on-resonan
D2-viewed data. We calculate the effect that these proce
have on our ability to extract the desired lifetime and find
218~14! ns shift in theD1-observed lifetime and a291~87!
ns shift in theD2-observed lifetime. The errors are given b
the sum in quadrature of the uncertainty in the amplitu
plus the uncertainty in the lifetimes of the unwanted state

ASE plus virtualp state effects shift theD1-viewed life-
time by 12~1! ns and theD2-viewed lifetime by18~4! ns.
Ionization contributes a62 ns error to theD1-viewed life-
time and a64 ns error to theD2-viewed lifetime. These
shifts are our best estimates based on the 5d 2D5/2 system-
atic tests. We place a combined upper limit of60.5 ns on
other systematic effects which include quantum beats, at
atom collisions, wall collisions, blackbody radiation, and r
diation trapping.

The lifetime obtained when viewing theD1 transition is
909~15! ns and the lifetime obtained when viewing theD2
transition is 912~87! ns, where each error is the sum
quadrature of the uncertainties due to statistics plus ba
ground effects, laser-intensity effects, ionization, and ot
systematic effects as listed above~see Table I!. The weighted
mean of theD1-observed lifetime and theD2-observed life-
time gives a final value of 909~15! ns for the lifetime of the
5d 2D3/2 state. Figure 7 shows this result compared w
theory and previous experiments.

11s 2S1/2 results

There are nine runs using a (F4,C2) scheme and seve
runs using a (F4,C1) scheme. For a single run data a
truncated in 80 ns increments, giving us 16 files; each is fi
a function of the form in Eq.~9!. These fits determine the
values oft2 versus truncation for each run and we obtain t
background as we did for the 5d 2D5/2 measurement. The
total uncertainty due to statistics plus background is62 ns.
Figure 9 shows the lifetime, given with individual statistic
and background uncertainties, obtained from each run. Th

r-
FIG. 9. All 11s 2S1/2 runs with error bars given by the sum i

quadrature of the statistical uncertainty plus background un
tainty.
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TABLE II. Experimental results in comparison with other experiments and theory.

Lifetime ~ns!
5d 2D5/2 5d 2D3/2 11s 2S1/2 Method Reference

1281~9! 909~15! 351~4! pulsed-laser excitation This work
1226~12! diode-laser excitation @4#

1260~80! delayed probe absorption @9#

890~90! 890~90! delayed coincidence @10#

1250~115! 1250~115! time-resolved fluorescence @11#

343~22! delayed-coincidence @12#

411~8! time-resolved fluorescence @13#

403~4! time-resolved fluorescence @14#

1363 976 MBPT @5#

1283 909 403 CAHa with core, SOb effects @15#

1434 1061 CAc with core effects @7#

1370 952 CA @16#

1342 970 CA with SO effects @17#

1190 856 Perturbation theory @18#

aCoulomb approximation, Hartree potentials.
bSpin orbit.
cCoulomb approximation.
b
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is a small difference, of about one standard deviation,
tween those lifetimes obtained when viewing aC1 decay
and those lifetimes obtained when viewing aC2 decay. Spe-
cifically, t2(C1 view!5356~4! ns andt2(C2 view!5 348~3!
ns. Such a small difference must be attributed to ionizat
effects which may change the fitted lifetimes determin
from the two decay routes. Since the 11s 2S state is a highly
excited state, ionization is likely to occur more often than
does in the 5d 2D measurements. Still, we view the 11s 2S
decay directly so that these effects are minimized. We e
mate the uncertainty in the lifetime due to ionization to
63 ns. Other systematic effects, such as atom-atom c
sions, wall collisions, blackbody radiation, and radiati
trapping contribute an uncertainty of60.5 ns to the mea-
sured lifetime. The weighted mean of all runs gives us
lifetime of t2 5 351~4! ns, where the uncertainty is given b
the sum in quadrature of the uncertainties due to statis
and background, ionization, and other systematic effects~see
Table I!.

CONCLUSIONS

Table II shows our lifetime values for the states we me
sured in comparison with theory and other experiments. O
work gives an 11s 2S1/2 lifetime of 351~4! ns, a 5d 2D5/2
lifetime of 1281~9! ns, and a 5d 2D3/2 lifetime of 909~15! ns.
Our values for the 5d 2D lifetimes are in good agreemen
with the most recent published theoretical results of Th
dosiou@15#. In Theodosiou’s calculations, the atomic pote
tial within the core~used in Schro¨dinger’s equation! consists
of three parts. Hartree potentials were used for the sin
electron central field that results from the interaction b
tween the nucleus and the core electrons. Parametric po
tials given by Weisheit@20# were used to model the effect
of core polarization. Lastly, the spin-orbit interaction w
modeled using the full relativistic form of the potential in th
Pauli approximation in whichmc2@ ~all other energies!. Be-
cause the atomic core effects are represented in detail
e-
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d
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ti-
e
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ur
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le-
e-
ten-

s
e

we

expect Theodosiou’s results to be reliable. In Heavens’s
culation @16#, core polarization effects and spin-orbit effe
were not included. Additionally, Stone’s calculation@17#
does not include core polarization effects and Fabry’s ca
lation @7# does not include spin-orbit effects. Without inc
sion of these potentials in the model, it is difficult to mak
meaningful comparison with their results. In contrast, for
11s 2S lifetime, our result differs from Theodosiou’s b
;15%. Since the 11s 2S state decays through numero
routes, all possible transitions must be considered in any
oretical calculation. Additionally, our 11s 2S lifetime is in
disagreement with the most recent measurement of that
by Neil and Atkinson@14#. Our setup and method are ve
similar to those of Neil and Atkinson@14#, thus it is hard to
explain this difference in experimental values.

Dzuba’s preliminaryab initio results@5# apply relativistic
many-body perturbation theory~MBPT! to calculate the
electric dipole matrix elements for the 5d 2DJ→6p 2PJ8
transitions. Using the relation

1

tJ
5(

J8

4

3
a

vJ,J8
3

c2

z^5DJur u6PJ8& z2

2J11
, ~10!

whereJ is the angular momentum of the upper state andJ8
is the angular momentum of the lower state, the theore
lifetimes are 1363 ns for the 5d 2D5/2 lifetime and 976 ns fo
the 5d 2D3/2 lifetime. In this equation, the transition freque
cies are found from@19#. His calculated 5d 2D5/2 lifetime
differs from our value by about 6% and his 5d 2D3/2 lifetime
differs from our value by about 7%. In his calculatio
Dzuba includes several corrections to the zero-order va
obtained from the relativistic Hartree-Fock method. First
takes into account the atomic core polarization due to
external electric field or the nucleus’s magnetic field. S
ond, all second-order correlation corrections for the w
function are included. Higher-order corrections to the w
function include screening of the Coulomb interaction, ho
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particle interaction, and iterations of the self-energy opera
Calculations of the structural radiation and normalizat
contribution are described in some of the earlier papers
Dzuba and co-workers@21,22#. In addition, these papers pro
vide a complete survey of all the corrections that he us
Hoeling et al. report the 5d 2D5/2 state lifetime to be
1226~12! ns, which is in disagreement with our result. Th
used an acousto-optic deflector to shutter a single-mode
ode laser that is tuned to the quadrupole transition, 6s 2S1/2
→5d 2D5/2. Since their cell had a radius of 2 mm, wa
collisions were a concern for them. They calculated tha
their setup this effect should reduce the lifetime by 2.8~8!%.
Additionally, there is good agreement with older experime
tal values of the 5d 2D5/2 lifetime in cesium obtained by
both Sassoet al. @11# and Bouchiatet al. @9#. Experimen-
tally, there have been no previous direct measurements o
5d 2D3/2 lifetime. Figure 7 is a graph of these 5d 2D values,
noted in this discussion, with our results.
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Note added in proof.Wo Yei, A. Sieradzan, E. Cerasuolo
and M. D. Havey published the hyperfine coupling consta
of the 5d 2D j levels in Cs@23#.
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