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Lifetime measurements of cesium E£2D5,2,3,2 and 11s2S,,, states using pulsed-laser excitation
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We report measurements of the BD,, 5d ?Dyj,, and 15 2S,, state lifetimes in the'3*Cs atom to be
1281(9), 90915), and 3514) ns, respectively. A pulsed-dye laser selectively excites atomic Cs from the
ground state, via a single-photon quadrupole transition, to thet&tes and, via a two-photon electric dipole
transition, to the 14 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 $&t650-294{©8)01106-9

PACS numbgs): 32.70.Cs,42.55.Mv,42.62.Fi

INTRODUCTION delay and pulse generator fires tQeswitch at nonoptimal
delays to reduce the laser intensity and provide the trigger

Measurements of atomic lifetimes are important in manyelectronics. The linewidth of the laser, 0.10 ch exceeds
areas of physics, including astrophysics, geophysics, antthe Fourier transform limited value and is narrow enough to
plasma physics. Scientists in these fields use the values stlectively excite cesium from either tHe=3 or F=4
oscillator strengths to determine relative abundances of elés 2S;,, ground state hyperfine levels separated by 9.19
ments. Accurate atomic lifetimes are needed to calculate alisHz. As shown in Fig. 1 the output from the dye laser trav-
solute values of oscillator strengths. Lifetime measurementsls through an aperture to reduce scattered light, then
also play the important role of evaluating the accuracy ofthrough a beam-shaping lens before reaching the 2.5 cm di-
atomic structure calculations. In particular, radial matrix el-ameter Cs cell. The large size of the cell allows us to ignore
ements between low-lying states in atomic cesium are usedall collision effects since they should be negligible for this
to test the theory necessary for interpretation of parity nongeometry. Scattered light is not a problem since the photo-
conserving(PNC) effects. Alkali-like atoms, with a single multiplier tube(PMT) always detects at a wavelength differ-
electron outside a closed shell, provide the simplest opeent from that of the excitation process. The cell is kept at
shell systems for detailed comparison between experimembom temperature, 293 K, giving a Cs density of B0°
and theory. atoms/cni. For such a low density, collisional effects such

Recent lifetime measurements in cesium are motivated bgs atom-atom interactions, collisional ionization, and colli-
a precise measurement of PNC by Woetlal. [1]. Our  sional mixing are negligible. Helmholtz coils surround the
group measured, using laser excitation of a fast atomic beanmteraction region, reducing stray fields to less than 5 mG,
the 6p 2P, 15 State lifetimes and obtained precisions betterthus eliminating the problem of Zeeman beats. For the
than 0.30%[2]. Additionally, Younget al. [3] have mea- 5d 2D state lifetime measurements quantum beats between
sured, using pulsed-laser time-resolved spectroscopy, tHeyperfine states are not a concern since we view {hém
6p 2P3,2,1,2 state lifetimes with similar precision. More re- decays and any beats are on the order of a couple hundred
cently, Hoelinget al. [4] have measured, using pulsed-laser

time-resolved spectroscopy, the 3D/, state lifetime to a
precision of 1%. We began our investigation of the 4D Digital

stateg because of a discrepancy bgtween thiggrand the <—{Dyetaser |-{Nd:vAG Pulsed Laser ?’illas‘g
experiment of Hoelinget al. [4]. We improve upon the pre- Generator
cision of [4] and include the & 2Dy, state as well as the i
11s 2S,, state. v
—i— Aperture
i Light
SETUP <G> Lens Dump
) ) ! Cs cell
A Nd3":YAG (YAG denotes yttrium aluminum garnet % _______ »-EI _______________
laser pumps a dye laser to produce 8 ns pulses with 6 mJ o »
energy at the interaction region at a repetition rate of 10 Hz. " '—<>_Lef1\ge""'e
At these intensities, populations produced in excited states
are a small fraction of the total number of atoms. A digital Double -V
’ 0 PuT Oscilloscope
*Electronic address: ddiberar@pesto.phys.nd.edu FIG. 1. Schematic of the setup.
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FIG. 2. Energy-level diagram showing the states of interest usecg 1000 ¢
for measuring the & 2D lifetimes. 3 500
O
E 0
MHz. For the 1% 2S,,, state lifetime measurement, hyper- 5 oo
fine quantum beats are not present in our detection schem's 1000
. : 2 1000 |
since we view the fluorescence from thes?5 state and the g
gyromagnetic factors for the tw levels are equal and op- ~ ™% | N P . . "
posite. The size of the interaction region is determined by the time(10-6 5)

size of the laser beam, about 1 cm long by 2 mm wide, and
the solid angle of the collection optics.

After a pulse excitation, fluorescent photons impinge FIG. 3. Typical decay curve ofb2Dsy, state with fitting func-
upon a collimating lens before entering the spectrometer fotion and residuals.
wavelength selection. A red-sensitive PMT sits at the output
of the spectrometer. Since we view thp 8P—6s *Stran-  the population of the excited state of interes, the popu-
sition photons at wavelengths of 852 nm and 894 nm, W&gation of the 6 2P, state, andNy, the population of the
must use a PMT with a low work function GaAs:Cs-O pho-g 2p_, state. Then, we can cat, the lifetime of the state
tocathode that detects longer wavelength photons. The elegs interest, 7,, the 6p 2Pa, lifetime, and 7y, the 6p 2Py,
tronics setup is simplified by integrating the PMT signal di- ifetime.
rectly with a 1 GHz digitizing oscilloscope, eliminating any oy the 5 2D, measurement, the dye laser is tuned to
ringing effects from extra components. Because we do Nof,e  glectric quadrupole E2) transition, & 2S;,
discriminate the PMT signal, the background in a typical run_, g4 2D,,,, at a wavelength of 685 nm with an oscillator
includes dark counts on the order of 20 per second. At tim%trength of 61077 [6]. The excited state decays with a
t=0, the laser is pulsed off and the oscilloscope records intQ¢atime 7, to the & 2P, state, that then decays with a
1024 channels the current of the PMT, terminated with50 |ietime 7, to the ground state, releasing a photon of wave-
as a function of time with a full time scale approximately length 852 nm. For the 2D/, measurement, the dye laser
equal to ten decay lengths. This is repeated for either 16 384 1 ned to theE2 transition. & 23, ,—5d 2D3,2’ at a wave-
or 8192 cycles as the data are averaged after each cycle. Vyéength of 689 nm with an (;scillator strength o’f<:10‘7 [6].
convert 'Fhe oscilloscope voltage signal to a photon-countinq-he 5d 2D, state decays with a lifetime, to either 6 2P
signal with the factor, state. The spontaneous transition probabilities for these pro-

T,o(NUMber of averages cesses may be determined from R&1 as

(facton =

(number of channel$Q)(q)(PMT gain’ W A(5d 2D 6p 2P3,)=9.7X 10" s 1, )
whereT, is the full time scale of the oscilloscope; the num-
ber of averages is 16 384 or 8192:=501), the oscilloscope A(5d ?Dg;;—6p ?P1;) =8.4X10° s . <)

input impedanceg=—1.6x 10" *° C, the charge of one elec-
tron; the number of channels is 1024; and PMT gain is 5 _ L 2 2
X 10°. With this conversion, the standard deviation in the”s Cesium atom in either the[B°P,, state or the p “Py,
voltage is consistent with the square root of the number o tate decays to the ground state, reIgasmg photons of wave-
photon counts, demonstrating that we are operating in a r _en'lqmzsfSechanaeTgrﬁgﬁunnrg’drfs IC';ﬁg“\\//vi\);.elength of interest
gime that is limited by photon-counting statistics. and the PMT detects this fluorescence. The signal is sent to
) the oscilloscope to give a typical curve as shown in Fig. 3.
50Dy 3 states This fluorescence spectrum is proportional to the population,
Figure 2 shows the energy level diagram with the states oN,, or N1, of the upper state from which it comes. When

interest. In general, léd, be the ground state populatiad,  the laser is turned off, the populations are given by
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In these equations, 1, and A, y, are the spontaneous tran-

sition probabilities for decay to theps?P5, state and the

6p 2Py, state, respectively, arfd,(0) andNy, (0) are the

state populations dt=0. Specifically, the 8 ?Dg, state de- 687
cays solely to the p 2P, state with A, 1,=7.0X 10° st

[7] and A, 1,=0. On the other hand, thed5’D, state de-

cays to either p state withA, 1, andA, ;, given in Eq.(2)

and Eq.(3), respectively. After a sufficient time> 74, ,, the

first term in these equations will become much smaller than

the second term. For example, tat 700 ns the first term
(e"Y71ab) is less than 10* times smaller than the second
term (e~ Y72). Therefore we delay the recording of the data
by 700 ns fromt=0 and fit the curve to a single exponential
given by the second term in both E}) and Eq.(5). In
addition, this ensures that PMT saturation, which can occur

6s?s,, —

FIG. 4. Energy-level diagram showing the states of interest for
measuring the 142S,, lifetime.

neart=0, is negligible. ANALYSIS
Since the laser can resolve the ground state hyperfine
11s2S,;, state splitting, we utilize the two excitation routes from the

— - 2 .
Figure 4 shows the energy levels of interest in this setup._”3 atrr:d PGS ﬁuz statetshto the ugper Ieveli Add|gon_
As before,Ng is the ground state population ai is the aly, there Is usually more than oné decay routé producing

population of the excited state of interest. The dye Iaserpho'[Ons that are in the range of the PMT. A decay from

2 2 ; i
tuned to a wavelength of 687 nm, excites the Cs atoms via gp ng/zﬂ gs 221/2 15 aDlDf tra.rt1.5|t|ocv andf atdecaydfrom
two-photon electric dipoleE1) transition from the ground P Fyp—DS oplSa ransition. Vve reterto any decay

2
state to the 14 2S,, state. This state decays with a lifetime g) t?Fe) & tPtS/Z sta"[;:fs deCZ deTcr?y a;nd any gecay_bto the
7, to either the ® 2P, or the & 2P, state, emitting pho- P "My Stale as ecay. 1herelore we describe any

tons of wavelengths 575 nm and 557 nm, respectively. Thgxperimental scheme by the notati@xcitation route, fluo-

Iy . rescence monitdy whereF3 or F4 is the excitation route
spontaneous transition probabilities are found in REf. and D1. D2 C?’r or C2 is the fluorescence monitor. Ini-

A(11s 2S;;,—6p 2Py,)=4.0x10° s 1, (6) tially, the fitting program truncates the data at regular incre-
ments, thus enabling us to look for any systematic effects
that change with time such as scattered light, radiation trap-
ping, and PMT saturation. A nonlinear least-squares routine

developed by Levenberg and Marqu fits each data file
Since both direct decays to th@ 6P states are observable to an eipongntial functi%n. qualel}

with our PMT, we can detect either fluorescence from the * thare are several laser-intensity effects which can alter

state of interest, giving a curve which is governed by a singlgne measured lifetimes. These include multiphoton ioniza-
exponential. This spectrum should be proportional t0 tgj5,  molecular excitation, glass cell fluorescence, and

population,N,, of the 1% ?Sy, state and given by the gen- aiomic excitation by an amplified spontaneous emission
eral form (ASE) component in the laser light. We expect that molecu-
lar excitations are negligible in this setup since the cell is
No(t)=N,(0)e "2, (8)  kept at room temperature. Also, multiphoton ionization is
dependent upon the third power of the laser intensity, and at
We did not delay the recording of these data since radiatiointensities used in this experiment this effect should be
trapping is not a concern. However, we did check for PMTsmall. Similarly, there is no indication that the PMT observes
saturation, as shown in our analysis. fluorescence from the glass cell. However, ASE-related con-

A(11s 2S;,,—6p ?P5)=6.0x10° s~ 1. (7)
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tributions should be considered in these precision lifetime 140
measurements. The ASE spectrum has a power versus wave: 1as |
length distribution similar to the dye amplification curve.
This distribution extends from 645 nm to 730 nm with a
maximum at 690 nm. The total power in the distribution is 134t
about 1% of the dye laser output power. When the ASE from
the dye excites a cesium atom, the absorption spectrum of
the transition determines the width of the transition and thus
the percentage of the power imparted to that excitation. ASE
is a problem in the 8 2D setup for a couple of reasons. 126 |
First, the laser is tuned to an electric quadrupole transition  ,,, |
which is much weaker than an ASE-induced electric dipole
transition. Second, the PMT detects photons from theB
states that decay to the ground state. Most undesired cas- 120 o o 1 15 15 20 22 24 25 25 30
cades decay through these states, producing unwanted pho: cut No.
tons. For example, the laser, tuned to tre?6,,—5d 2D
transition, may excite an atom, via &1 -allowed process, to
an intermediate virtuap state. Then, an ASE photon at a
wavelength 645 nRINpge<<730 nm may excite, via an
El-allowed process, this atom to some even-numbered artatistical uncertainty. Also, B floats when the program fits
gular momentum state. These states then decay throughti@e untruncated data, this gives a second estimate of the
multitude of routes. Alternatively, an ASE photon Xtsg  background. Lastly, we determine the background to be that
may excite an atom already in thel3D state to an odd- value ofB which gives a lifetime that is most stable against
numbered angular momentum state that then decays througtuncations and is in fair agreement with the other two. From
some path to the ground state. All of these cascades entéie spread in these estimatesRyfwe can assign an uncer-
into the rate equations and thus show up as additional termainty to 7, due to the uncertainty in the background.
in Eq. (4) and Eq.(5). Each term depends on the lifetime of  Having determined, we use a plot such as Fig. 5 for
some upper state, the population of that upper state, and theich run to check for systematic shifts in the lifetime as a
spontaneous transition probability of observing a decay fromunction of truncation that might be indicative of saturation,
that upper state to some lower state. radiation trapping, or quantum beats. If there are no apparent
We observe these ASE effects directly when measuringhifts we take the untruncated valuem@fwith an uncertainty
the & Dy, lifetime. The PMT views both the [5?Ps,  given by the sum in quadrature of the background uncer-
decay and the 6 °P,/, decay. A discrepancy in the observed tainty and the statistical uncertainty with no truncations. In
lifetimes for these two decay routes results since the unFig. 5 the large black circle is the lifetime value found for
wanted cascades influence these populations in different prehis particular run, where the error bar is due to background
portions. Furthermore, this effect can also influence the obuncertainty alone. If there is a truncation dependent shift, we
served lifetime of the 8 Dy, state. We have no direct take the value ofr, at the truncation where the trend be-
observation of the ASE effect on this lifetime, but we cancomes less than the statistical uncertainty. Again, the overall
estimate how large the effect is. In contrast, ASE shouldincertainty in the run is the sum in quadrature of the statis-
have no impact on the measureds ¥5,, lifetime since the tical uncertainty and the background uncertainty at that trun-
PMT detects the photons that decay directly from the 11 cation. The average uncertainty due to statistics and back-
state and the laser excites the atom into a highly excitedround is given by the weighted mean of the uncertainties in
state. each run.
To check for ASE plus virtuap state effects and ioniza-
5d %Dy, results tion, the monochromator is set to transmit light from a
9d ?D—6p 2P transition, and the detection system acquires
data as in a typical run. The observed fluorescence is less
han 1.05)% of the & 2P, signal amplitude. We calculate
he effect that this cascade could have on our lifetime evalu-
ation and find a shift of+2(1) ns. The uncertainty given is
y(t)=Ae V72+B, (9)  the sumin quadrature of the uncertainty in the signal ampli-
tude plus the uncertainty in the lifetimes of these unwanted
whereA is the amplitude of the curvd is the background, states. Similarly, using this same spectrum we place an upper
and 7, is the mean lifetime of the state. A graph of the valuebound on ionization effects to be2 ns.
T, versus truncation for one run is shown in Fig. 5. As we To check for ASE plus excited state effects, the digital
cut the data, the fitting routine has increasing difficulty pin-delay fires theQ switch at an optimal delay to give a maxi-
pointing the parametes. mum laser intensity. We tune the spectrometer tdidine
This creates a shift in the lifetime with truncation. To while the laser excites Cs atoms to the @, level and the
determine the background and its uncertainty we use threescilloscope acquires data as it would for a lifetime run. This
methods; each can be compared with the others. First, the tapectrum contains cascades through tipe’B,,, state that
of the data gives an estimate 8&f and its corresponding may arise from ionization or ASE-induced effects. The am-

< maximum background

o optimum background

o minimum background

['| @ best value of lifetime with
error in background

132 |

1.30 =

128

litetime(10-6 s)

122 |

FIG. 5. Lifetime versus truncation for a typicad$D.,, data
run. The three graphs represent three possible values for the back-
ground.

There are ten runs using &4,D2) scheme and ten runs
using a £3,D2) schemgsee Fig. 2 For a single run data
are truncated in 200 ns increments to give us 16 files to fit t
a function of the form
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TABLE I. Summary of all uncertainties and shifts for each state.

State of interest 8 2Dy, 5d 2D, 11s %S,
Decay route viewed D1 D2 D2 c1c2
Mean resuft 925 ns 995 ns 1288 ns 351 ns
Statistics plus background *4 ns *5ns *4 ns *2ns
lonization *2ns *4 ns *2ns *3ns
ASE plus virtualp state +2*+1ns +8*+4 ns +2x1ns

ASE plus excitedd state —18+14 ns —91+87 ns —9+8 ns

OtheP +0.5ns +0.5ns +0.5ns +0.5ns
Total 90915) ns 91287) ns 12819) ns 3514) ns

AVeighted by statistics plus background.
®Includes quantum beats, atom-atom and wall collisions, radiation trapping, and blackbody radiation.

plitude of this signal is below 0(8)% of the on-resonance —9(8) ns shift in the lifetime. The error in the shift is the
6p 2Py, signal. Since the PMT is about five times more sum in quadrature of the uncertainty in the amplitude plus
sensitive at a wavelength of 852 nm than it is at 894 nm, theéhe uncertainty in the lifetimes of these unwanted states.
actual percentage of thep&P5, signal due to these cas- Other systematic effects include quantum beats, atom-
cades is closer to(3)%. Furthermore, when the laser is de- atom collisions, wall collisions, blackbody radiation, and ra-
tuned from the 8 2Dy, level about half of the signal, diation trapping. These effects contribute less tha®5 ns
1.5(5)%, from the  2P,, state remains. In this situation to the uncertainty in the measured lifetime. We take the
there is no ASE-induced resonance; thus there is a reductiomeighted mean of the lifetimes from the 20 runs using the
in the signal size. Next, we detune the laser and set thetatistical plus background uncertainties and include the sys-
monochromator to transmit the off-resonamt &, signal.  tematic shifts in the measured lifetime. We obtainda®® s,
The signal is about 0(8)% of the on-resonantfB?P,, sig- lifetime of 12819) ns, where the error is the sum in quadra-
nal. We assume that thB2 on-resonance contribution is ture of the errors due to background fluctuations plus statis-
about a factor of 2 larger than ti22 off-resonance contri- tics, laser-intensity effects, and other systematic effects. A
bution, as was shown in thB1 signal, and we get a final summary of these uncertainties and shifts is shown in Table
value of 1.@4)%. This 1.G4)% signal amplitude comprises |. Figure 6 is a plot of the 20 runs with individual error bars
both ionization and ASE-induced resonance effects. Our colfrom background fluctuations and statistics given. We show
lective estimate for ASE-induced resonance effects i®ur final result in Fig. 7 and compare it to other experiments
0.5(3)% of the on-resonant signal. During an actual data rurand theory.
the digital delay fires th€ switch at nonoptimal delays as a
means for adjusting the laser intensity. The typical laser in-
tensity is approximately 20% of the maximum laser intensity
used in these tests. The fractional size of ASE effects is There are eight runs using &4,D2) scheme, eight runs
larger by a factor of 5 at this lower laser intensity and ion-using a £3,D02) scheme, eight runs using &3D1)
ization effects are reduced by a factor of 125. Thus we estischeme, and eight runs using &4D1) scheme. For a
mate that the ASE-induced resonance effects contributsingle run we truncate the data in 200 ns increments, obtain-
3(2)% to the @ 2Py, signal amplitude, corresponding to a ing 16 files. If we fit both theD1-viewed data and the
D2-viewed data to a function of the form in E¢(P) and

5d 2Dy, results

1400
(054%Dy, 054205, o:5d%D)
1350 |
Heavens [16] | < 11961
Stone [17] | o {1962
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FIG. 6. All 5d 2D, runs with error bars given by the sum in

tainty.

run No.

lifetime(ns)

FIG. 7. Survey of 8 2D lifetime measurements. Theoretical
quadrature of the statistical uncertainty plus background uncervalues are plotted without error bars. Experimental values are plot-

ted with error bars.
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FIG. 8. All 5d 2D, runs with error bars given by the sum in 2 . . .
L . FIG. 9. All 1 runs with error bars given h m in
quadrature of the statistical uncertainty plus background uncer- uaditugre of t]rfe itlgtisl:icZI utnchtZin?a S|SS %agzl :oﬁnsdu Uncer-
tainty. Apparent is an offset in the fitted value of the lifetime due to] y P 9

ASE-induced effects. tainty.

is about one-fourth of this maximum intensity. Thus there is

an additional factor of 4 which multiplies these estimates to

give an 84)% signal amplitude for on-resonabtl-viewed
ata and a 324% signal amplitude for on-resonant

proceed as we did in thed5?Ds,, analysis we obtain differ-
ent values for the lifetimer,(D1 view)=9254) ns and
75(D2 view) = 9955) ns, where the error is just the statis-

tical ungertainty symmed ir_1 qu_adrature Wit.h the bagkgrp UN%H 2-viewed data. We calculate the effect that these processes
uncertainty (see Fig. & This discrepancy is an indication have on our ability to extract the desired lifetime and find a

that either ionization, ASE effects, or both are contributing to_ o ) g

the signal and shifting fitted values of the lifetimes. Since the oL NS shift in theD1-observed ifetime and & 91(87)
" L : . ns shift in theD 2-observed lifetime. The errors are given by

spontaneous transition probabilities given in E2).and Eq.

S . the sum in quadrature of the uncertainty in the amplitude
2
(3) indicate that the 8 “D, state decays almost exclusively plus the uncertainty in the lifetimes of the unwanted states.

to the & *Py, state, it is reasonable to assume that ioniza- ASE plus virtualp state effects shift th®1-viewed life-
tion and ASE effects have a greater impact on thetime by +2(1) ns and theD2-viewed lifetime by+8(4) ns.

DZ%\élecﬁ?:rrl:ier::amteh.e size of the ASE plus excitddstate lonization contributes a-2 ns error to theD 1-viewed life-
P time and a*=4 ns error to theD2-viewed lifetime. These

contribution, th_e digital d_elay fires ﬂ.@ SW't.Ch at an opti- shifts are our best estimates based on tH&Bs, system-
mal delay to give a maximum laser intensity. Then, we de'atic tests. We place a combined upper limitD.5 ns on
tune the laser from the$’S;,,—5d 2D, transition while ) b pp '

. other systematic effects which include quantum beats, atom-
the PMT observes the chosen route. The amplitude of th s o L '
off-resonantD1 signal is about 2(@)% of the amplitude of &tom collisions, wall collisions, blackbody radiation, and ra

the on-resonanb 1 §igna|, while the amplitudfa of the off- dla'tl'lﬁg rirf??iﬁ:ggc.)btained when viewing th21 transition is
resonanDZDS|Zgn§1I |s|a?oul; (2%% of the r?mp_lltudle qf the 909(15) ns and the lifetime obtained when viewing tbe
_or:j—resorgjan fflgna. n OtN casehs,lt € sE;_nad Size Wagtransition is 91287) ns, where each error is the sum in
'rgc(;petg"egé ?heazifregtjnt'r?a%' ior?i\ézﬁoﬁ %SrSAtSIIES h::zgottheﬁuadrature of the uncertainties due to statistics plus back-

=ctly . P ground effects, laser-intensity effects, ionization, and other
signal \_Nhen the '?‘SGT IS tuned on résonance. THE D, systematic effects as listed abdeee Table)l The weighted
trgzgsng:]\;ee#:c?snfc;??;]af?/?évl;;;hs?d D|5/2 case, theh OI? ¢ Mmean of theD 1-observed lifetime and th2 2-observed life-

o Ignal were abou'g alt ol time gives a final value of 9Q®5) ns for the lifetime of the

the on-resonant effects for tH21-viewed signal. This ion-

N . e d 2D te. Fi 7 shows thi It ith
ization or ASE effect is probably similar for bothd5D > 32 State. Figure 7 shows this result compared wit

states. The estimates give @6 signal amplitude for on- theory and previous experiments.
resonanD1-viewed data and a 4% signal amplitude for
on-resonanD 2-viewed data for 8 2D, excitation. In ad-
dition, at these high laser intensities ionization effects are There are nine runs using &4,C2) scheme and seven
enhanced. lonization contributes about twice as much to theuns using a F4,C1) scheme. For a single run data are
6p 2Py, decay as it does to thep6’P,,, decay. Also, ion- truncated in 80 ns increments, giving us 16 files; each is fit to
ization should account for about 50% of the on-resonana function of the form in Eq(9). These fits determine the
D1-viewed amplitude due to all laser-intensity effects. Be-values ofr, versus truncation for each run and we obtain the
cause of this, the best estimates of the on-resonant ASEackground as we did for thed5’Ds;, measurement. The
induced amplitudes arg 2% for theD1 view and 96)% for  total uncertainty due to statistics plus background:i2 ns.

the D2 view. The laser intensity is a maximum when the Figure 9 shows the lifetime, given with individual statistical
tests were performed and the laser intensity during data rurend background uncertainties, obtained from each run. There

11s2S,,, results
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TABLE Il. Experimental results in comparison with other experiments and theory.

Lifetime (ns)

5d ?Dgy, 5d 2Dy, 11s 25, Method Reference
1281(9) 909(15) 351(4) pulsed-laser excitation This work
122612 diode-laser excitation [4]
126Q80) delayed probe absorption [9]
89090 89090 delayed coincidence [10]
1250115 1250115 time-resolved fluorescence [11]
34322 delayed-coincidence [12]
411(8) time-resolved fluorescence [13]
4034) time-resolved fluorescence [14]
1363 976 MBPT [5]
1283 909 403 CABwith core, SO effects [15]
1434 1061 CA with core effects [7]
1370 952 CA [16]
1342 970 CA with SO effects [17]
1190 856 Perturbation theory [18]

#Coulomb approximation, Hartree potentials.
bSpin orbit.
‘Coulomb approximation.

is a small difference, of about one standard deviation, beexpect Theodosiou’s results to be reliable. In Heavens’s cal-
tween those lifetimes obtained when viewingC4d decay culation[16], core polarization effects and spin-orbit effects
and those lifetimes obtained when viewing€a decay. Spe- were not included. Additionally, Stone’s calculati¢t7]
cifically, 7,(C1 view)=3564) ns andr,(C2 view)= 3483)  does not include core polarization effects and Fabry’s calcu-
ns. Such a small difference must be attributed to ionizatiorlation [7] does not include spin-orbit effects. Without inclu-
effects which may change the fitted lifetimes determinedsion of these potentials in the model, it is difficult to make a
from the two decay routes. Since thes1?S state is a highly meaningful comparison with their results. In contrast, for the
excited state, ionization is likely to occur more often than it11s 2S lifetime, our result differs from Theodosiou’s by
does in the 8 2D measurements. Still, we view thesiS  ~15%. Since the 14°S state decays through numerous
decay directly so that these effects are minimized. We estiroutes, all possible transitions must be considered in any the-
mate the uncertainty in the lifetime due to ionization to beoretical calculation. Additionally, our EI2S lifetime is in

+3 ns. Other systematic effects, such as atom-atom collidisagreement with the most recent measurement of that state
sions, wall collisions, blackbody radiation, and radiationby Neil and Atkinson[14]. Our setup and method are very
trapping contribute an uncertainty af0.5 ns to the mea- similar to those of Neil and Atkinsofi4], thus it is hard to
sured lifetime. The weighted mean of all runs gives us eexplain this difference in experimental values.

lifetime of 7, = 351(4) ns, where the uncertainty is given by ~ Dzuba’s preliminaryab initio results[5] apply relativistic

the sum in quadrature of the uncertainties due to statisticgiany-body perturbation theoryMBPT) to calculate the
and background, ionization, and other systematic eff@ets  electric dipole matrix elements for thed¥D ;—6p 2P,

Table ). transitions. Using the relation
CONCLUSIONS 1 s 4 35 [(5D,r|6Py) 10
—_— = ~a ]
Table Il shows our lifetime values for the states we mea- 5y 3 ¢? 2J+1

sured in comparison with theory and other experiments. Our

work gives an 14 S, lifetime of 3514) ns, a %l °Ds;,  wherelJ is the angular momentum of the upper state ahd
lifetime of 12849) ns, and a 8 2Dy, lifetime of 90915) ns.  is the angular momentum of the lower state, the theoretical
Our values for the & 2D lifetimes are in good agreement lifetimes are 1363 ns for theds?D 5, lifetime and 976 ns for
with the most recent published theoretical results of Theothe 5d 2Dy, lifetime. In this equation, the transition frequen-
dosiou[15]. In Theodosiou’s calculations, the atomic poten-cies are found froni19]. His calculated 8 2D, lifetime

tial within the core(used in Schidinger’s equationconsists  differs from our value by about 6% and hig 3D 4, lifetime

of three parts. Hartree potentials were used for the singlediffers from our value by about 7%. In his calculation,
electron central field that results from the interaction be-Dzuba includes several corrections to the zero-order value,
tween the nucleus and the core electrons. Parametric poteabtained from the relativistic Hartree-Fock method. First, he
tials given by Weisheif20] were used to model the effects takes into account the atomic core polarization due to an
of core polarization. Lastly, the spin-orbit interaction wasexternal electric field or the nucleus’s magnetic field. Sec-
modeled using the full relativistic form of the potential in the ond, all second-order correlation corrections for the wave
Pauli approximation in whicmc®> (all other energiesBe-  function are included. Higher-order corrections to the wave
cause the atomic core effects are represented in detail, wanction include screening of the Coulomb interaction, hole-
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particle interaction, and iterations of the self-energy operator. Note added in proolWo Yei, A. Sieradzan, E. Cerasuolo,
Calculations of the structural radiation and normalizationand M. D. Havey published the hyperfine coupling constants
contribution are described in some of the earlier papers obf the 5 2D; levels in Cs[23].

Dzuba and co-workerf21,22. In addition, these papers pro-

vide a complete survey of all the corrections that he uses.
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