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Inconsistencies between lifetime and polarizability measurements in Cs
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Electric dipole matrix elements forpénd, n=5, 6, 7, transitions in cesium are calculated using a relativistic
all-order method. The resulting matrix elements are used to evalddifemes and @ polarizabilities. The
data are compared with experimental lifetime and polarizability measurements made by different groups.
Domination of the § scalar polarizabilities byd6p dipole matrix elements facilitates an exacting consistency
check of %l lifetime and & polarizability data. Values of &6p matrix elements obtained from experimental
5d lifetime data are found to be inconsistent with those inferred frgnp@arizabilities derived from experi-
mental Stark shift data. Oumb initio calculated @ polarizabilities agree well with experimental
determinations.
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The understanding of the accuracy alh initio calcula- In outline, our approach uses a relativistic all-order
tions in cesium is vital for the analysis of the Cs parity non-method to calculate electric dipole matrix elements for Cs
conservatior(PNC) experimen{1]. In 1999, motivated by a 6p-nd transitions fom=5, 6, and 7. These are used to evalu-
number of recent high-precision experiments, Bennett andte 5 radiative lifetimes and  polarizabilities(for the lat-
Wieman([2] reanalyzed the agreement of theoretical calculater, we also include contributions from all other relevant
tions and experimental data for a number of Cs atomic propstates. Our calculations of the 6 scalar polarizabilities,
erties and _reduced the previous the_o_rencal uncertainty in thgnich are in good agreement with experiment, show that
PNC amplitude by a factor of 2. Utilizing measurements ofihey are dominated by contributions frord-6p transitions.
the tensor transition polarizabiligg reported in same work, These are the only electric dipole transitions contributing to
they demonstrated a 2ridiscrepancy between the value of the 5 state lifetimegas we mention below, theds6s elec-

the weak charg®,, predicted by the standard model and that. . - L .
derived from the Cs PNC experiment. Although several pa—.trIC quadrupole transition rates are negligibly smathus, it

pers(for example, Refs[3-9]) have addressed this disagree- IS piossible to check consistenpy between pc_)IarizabiIity and
ment since 1999: the issue of the accuracybfinitio cal- lifetime measurements by derivingi&p matrix elements

culations in Cs continues to be of interest. from 5d lifetime measurements and substitL_Jting these values
In this work, we investigate the radiative properties of CsiNt0 the & polarizability calculations. For either of the two
6p-nd transitions. Although these do not bear directly on€xPerimental lifetimes10,11 this procedure yields a result
PNC experiments done to date, they have been the subject Bt disagrees with directly measured polarizabilifs-14
careful experimental investigation and thus provide benchby several standard deviations.
marks for precise comparison of theory and experiment. In The particular all-order method used here is the linearized
particular, there exist two independent measurements of theoupled-cluster method which sums infinite sets of many-
lifetimes of the ®l states[10,11], which do not agree within body perturbation theory terms. We refer the reader to Refs.
their stated uncertainties. There also exist several experimefit6—18 for a detailed description of the approach. The wave
tal determinations of theg6s Stark shifts which allow one function of the valence electranis represented as an expan-
to infer the values of polarizabilities of thep&tateg§12-14. sion,
Here we show thatb initio theory can check the mutual

consistency of 8 lifetime and & polarizability data, with an : 1 -
accuracy of about 1%. We find the lifetime and polarizability W)= | 142 pnhBat > 2 Prnafindn@oda
results to be inconsistent at this level. Our calculations agree ma mnab

with the experimental values ofp§olarizabilities, but devi- t Tt

ate from both determinations of thel ifetimes. We suggest > Prov8my + > Prvalm@ndad,

; ) : - . *
that further experiments are desirable in order to clarify this e mna

issue. In addition, understanding of the accuracy of tbe 5 + 1 2 atafaaa. ®,) 1)
state properties in Cs is germane to the ongoing PNC experi- 6mmabpm“mab mén Bp8aBy | Lo/
ment in isoelectronic Ba[15], since the 8 state is directly

involved in this experiment. where®, is the lowest-order atomic state function, which is

taken to be thdrozen-coreDirac-Hartree-FocKDHF) wave
function of a state. This lowest-order atomic state function
*Present address: Department of Physics and Astronomy, Univecan be written as®,)=al|0c), where|0c) represent DHF
sity of Delaware, Newark, Delaware, 19716. Electronic addresswave function of a closed core. The indices n, and r
msafrono@physics.udel.edu designate excited states, and indieeandb designate core
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TABLE I. Absolute values of electric dipoleds6p reduced ma-  sponding wavelength in nanometers. The lifetime of the state
trix elements in Cs calculated in different approximations: Dirac-y is calculated as
Hartree-Fock(DHF), third-order many-body perturbation theory
(1N, single-double all-order methoED), single-double all-order 1
method including partial triple contribution®DpT), and the cor- T = 2 . 3
responding scaled valueR.is the ratio of the 83,,-6p3/» to 5d3/» w Aow
-6py» transition matrix elements. All values are given in atomic

from Ref.[22] are used. The scaled SD values are taken as
Transiton  DHF 1 sSD SQ. SDpT SDpT. final values based on the comparison of a number of Rb, Cs,

and Fr result§23,24 with experiment. The theoretical val-
5d32-6py, 8.9784 6.9231 6.5809 7.0634 6.9103 7.0127 yes differ substantially, by over 5%, from the experimental
503-6ps;» 4.0625 3.1191 2.9575 3.1871 3.1112 3.1614 results (we note that the experimental values from Refs.
R 0.4525 0.4505 0.4494 0.4512 0.4502 0.4508 [10,17] differ by 4%, which exceeds their stated uncertain-
5ds;76ps, 12.1865 9.4545 9.0238 9.6588 9.4541 9.5906 ties of 0.7% and 1%iespectively. One possible source of
such a discrepancy is the contribution of thie@s electric
guadrupole transition to thedSifetime. Our calculation of
states. The excitation coefficient§a pm, Pmnab @Ndpmna  this rate, using the all-order method, yields a correspond-

are used to calculate matrix elements, which can be exng Einstein A-coefficient for the B,-6s transition of
pressed in the framework of the all-order method as linear o19 Hz, which is only0.02% of thecorresponding electric

quadratic functions of the excitation coefficients. We restrictdipole A-coefficient of 741 kHz(see Table I\. Thus, the
the expansion given by Ed1) to single and doubl¢SD)  contribution of the electric quadrupole transition td 5
excitations, with partial inclusion of triple excitations. The |ifetime is entirely negligible within the present experi-
results obtained using the SD expansion are referred to as SkRental and theoretical uncertainties.
data throughout the paper and results obtained with partial To clarify such a large disagreement we check the consis-
addition of the triple excitations are referred to as SDpT datagency of the experimentalddlifetime measurements withps
We also performed third-order many-body perturbationpolarizability measurements, which involves contributions
theory calculations, following Ref19], to better understand from the same transitions. First, we use experimerddifé-
the size of higher-order correlation corrections. Unless statefimes from Ref[10] to determine the &6p reduced matrix
otherwise, all results in this paper are expressed in the syglements. Inverting Eq3), we find for the Bls/,-6ps/, matrix
tem of atomic unitga.u). element, |(5ds/,D||6ps/»)| =9.91635). To derive the 8a,
Table 1 lists the 8-6p reduced electric dipole matrix ele- _gp , and Hly,-6ps, Matrix elements, the lifetime of the
ments in Cs as calculated using the DHF approximationg, , |evel alone is not sufficient and some assumption about
third-order perturbation theorflll), single-double all-order the ratioR of these matrix elements must be made. We use
method(SD), and single-double all-order method including the theoretical SQ value 0.451218) from Table | for the
partial triple contributiongSDpT). We use semi-empirical ratio and assume the deviation of other high-precision theo-
scaling described, for example, in REL7] to estimate some retical results in Table | from this value to be its uncertainty.
classes of the omitted high-order corrections. The scaled vairhe variation of the ratio from one approximation to another
ues are listed in rows labeled gfand SDpT, is far smaller than the variation in the individual matrix ele-
We use the 8-6p matrix elements from Table | to calcu- ments, thus the uncertainty is rather 10¢0.4%). The
late the lifetimes of the &, and s, levels in Cs. The  regylting values of the da;,-6p matrix elements are the
EinsteinA-coefficientsA,,, are calculated using the formula foowing: [(5d3/4|D||6py,2)| =7.28360), |(5d3,4|D||6ps/»)|

[19] =3.28627)(13). We separated the uncertainties in thiy,5
2.02613x 10" |[(w[D|w)]* _; -6ps/, Matrix elements into contributions from thel, life-
ow = € 2),+1 S ) time measuremen(0.027 and from the estimation oR

(0.013. Combining them, we obtain 3.288). The contri-
where(v|D|w) is the reduced electric dipole matrix element bution of the uncertainty iR to the uncertainty in the value
for the transition between statesandw and\ is the corre-  of 5dg,-6p,,» matrix element is negligible.

TABLE II. The values of EinsteirA-coefficientsA,,, (in MHz) and final lifetimes(in ns) for 5dg;, and
5dy, states in Cs. The theoretical values are compared with experimental results fronil1Ref§.

Level Transition SD SQ SDpT SDpT. Expt. [10] Expt. [11]
5ds/» 5ds5,,-6P3/2 Aw 0.646 0.741 0.710 0.730
T 1547 1350 1409 1369 12¢89) 122612
5ds/, 50d3/,-6P1/2 Aw 0.804 0.926 0.886 0.913
50d3/,-6P3/2 Aw 0.094 0.109 0.104 0.107
T 1114 966 1010 981 9095
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The scalarey and tensorw, polarizabilities of an atomic TABLE Ill. Contributions to the @/, and G/, scalar polariz-
statev are calculated using formulas abilities aq in Cs and their uncertaintieday, in units of a3. The
) values of corresponding matrix elemeutgin a.u), their sources,
v 2 <n||D||v> and uncertaintie®d (in %) are also given. The®6d and 6-7d
aO - - E ) (4) i 7
32j,+1)< E,-E, matrix elements are from the present SDpT all-order calculation.
. ( 5JU(2JU _ 1) >1/2 ag(6p1/2) d ad ag Sag
a, = - - X
2 6(j, + 1(2j, + 1)(2j, +3) 6p1/-503/5 -7.283 0.8 [10° 1168.4 18.7
. . 5 6py/p-65 —4.489 0.1  [20] -131.9 -0.3
i do 1 dn L(ID])
XE (= 1)lotn . —_, (5) 6py/2-6d3/2 4.145 4.8 SDpT 110.2 10.6
n 14 2)E-E 6175 ~4236 05  [6] 1784 18
whereD is the dipole operator and formula fog, includes 6Py 7d32 2.033 1.7 SDpT 20.3 0.7
only valence part of the polarizability. The main contribu- 6p;/»-8s -1.026 0.6 (6] 5.9 0.1
tions to the polarizability g4, COme from transitions be- 6p,,,-9s 0.550 0.5 [6] 1.4 0.0
tween &, 7s, 8s, 9s, 6p, 7p, 8p, I, 5d, 6d, and @ levels; 4, DHF 35.4 10.6
the remainderatai,,_ is calculated from summing. over all Yeore [21] 158 0.3
other valence-excited states of the systemhich is con-
. . . o Total 1404 24
fined in a sphere of radius @§). The core contribution to
the scalar polarizabilityg,e=15.85 is taken from Ref.  ay(6ps)) d &d a Sa
[21], where it was calculated in random-phase approximas ;
tion (RPA). We note that this value includes the contribu- 6Paiz-5ds/2 3286 09 [10 142.7 2.6
tion from the valence shell and, therefore, must be com&pa/2-50s, 9.916 03 [10 1255.5 8.8
pensated by the additional teray., which is equal to the = 6ps,-6s -6.324 0.1 [20] -1247 —-0.2
contribution from the valence shell divided H@j,+1)  6p,,-6ds, -2.053 4.6  SDpT 14.2 1.3
with an opposite sign. We find that the,. term is negli-  gp, ,6ds, -6.010 4.3  SDpT 121.2 10.4
gible for np states and very smalbelow 0.2% for the 6 6375 6473 05 [6] 295.3 23
state. We list the contributions to Cg 6calar polarizabil- 6ps- 7y 0969 15 SDpT 24 01

ities in Table Ill. The corresponding electric dipole matrix

elementsd, their sources, and uncertaintiésl are also 6p3/z-7ds/2 —2.868 14 SDpT 21.0 06
given. The values for&np and %&-nptransitions are taken 6Ps/2-8s —-l462 06  [6] 6.2 0.1
from Ref.[6], where the “best value” set of these matrix 6ps-9s 0.774 0.6 (6] 14 0.0
elements was compiled for the calculation of the tensoiy DHF 38.7 11.6
transition polarizabilityB. The -6d and &-7d matrix Ccore [21] 15.8 0.3
elements are from the presealy initio SDpT calculation.  1qtq 1720 18

The values of the &6p matrix elements are derived from
the = lifetime experimenf10]. The uncertainties of all con- aDgrived from the experimentalds,, Iifetimz_e [10] using theoretical
tributions are listed separately. The uncertainties listed irfatio of the §;;-5ds; and @,/5-5ds/, matrix elements.
Ref.[6] are used for §np and &-np transitions; the differ-
ence between SD and SDpT data is taken to be the uncer- _ _
tainty of the 6-6d and 6-7d matrix elements calculated in % wnh_expenment in Table IV. The results of the above
this work. The uncertainties of thed®p matrix elements ~calculation(data from Table IlJ, where we usedd 6p ma-
obtained from the lifetime experimeritl0] are derived t.r|x elgments derived frpm thed5l|fet|me experiment are
above. The uncertainty of the core teemg, . is taken to be listed in column(a). We find that the difference of thep§,
2% based on the comparison of RPA data for closed cor@Nd & scalar polarizabilities which uses numbers fok &
systems with experiments and high-precision calculationsfatrix elements derived frogr[rl_O]_Sd lifetime measurements
The uncertainty of the remaining contributiai, is esti-  @o(6Ps2) ~a(65)=132218)a; is inconsistent with both ex-
mated to be 30% based on the comparison of the DHiPerimental values 124024)a3 [13] and 126413)aj [12).
results with correlated values. The difference with first value, which has the smaller uncer-
We also calculate the scalar polarizability of thessate  tainty, is 4.9 and the difference with the second value is
using the same methods and data set as for fhpddariz-  2.60. The difference of the |,, and & scalar polarizabil-
ability. The resulting valuexo(6s):398_;{0_9)ag and its un-  ities which uses numbers fold%p matrix elements derived
certainty are dominated by contributions of the@p matrix ~ from [10] 5d lifetime measurementsag(6py/,) — ag(6S)
element taken from experiment of RgR0]. We use this =100624)a3 is also inconsistent with the most recent and

result when calculating differences op @nd & polarizabil- ~ most precise experimental value 927 BBa3 [14] by 3.2.
ities. The recent measurement of the ground state polarizabiFhe value for the f5,, tensor polarizability —267(3.7)3(3)
ity in Cs yielded the valueyy(6s)=401.00.6)a3 [25]. has much larger uncertainty owing to strong cancellation of

We compare the final results for the differences of the 6 the contributions from different transitions, and the differ-
and & scalar polarizabilitiesy, and the tensor polarizability ence is . We note that if we were to use anotheilsp
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TABLE V. Calculated and experimental values of Cs polarizabiIitiesagnCaIcuIation(a) uses §-6p
matrix elements data derived from thd Eetime experimen{10] (results of Table IIj; calculation(b) used
5d-6p theoretical all-order valug$SD scaled dadaAll other contributions in calculation®) and(b) are the

same.
Present Expt[12] Expt. [13] Expt. [14]
@ (b)
Expt. 5d-6p Theory 5-6p
ag(6p32) — ag(6s) 132218 1248 126413) 1240.224)
ag(6py/2) — ag(6s) 100624) 936 97Q@9) 927.3512)
ay(6p3) -2674.7) -261.2 -2618) -262.415)

lifetime experimen{11], the discrepancies with polarizabil- other matrix elements and contributions are exactly the same

ity measurements only increase. Thus, neithdy Sifetime
experimen{10,17 is consistent with either Ref§12,13, or

as in the first calculation. The results are listed in coluinn
of Table IV. As expected, they are quite different from the

[14] Stark shift measurements within the quoted uncertainprevious calculatioria) as our theoretical &6p matrix ele-

ties.
We calculate that the experimental value @§(6py)

ments are substantially different from the values derived

from 5d lifetimes. We find that our theoretical polarizability

—ap(65)=927.3%12)ag [14] corresponds to the lifetime of data are in good agreemeBt4—19% with experimental val-

the g, statersg,,

=97514) ns, and the experimental value es and with the semiempirical results from R&H].
of ap(6psyn) — ao(GS) 1240.22.4)a3 [13] corresponds to the
lifetime of the s/, statersy, ,=135918) ns. The uncertain-

In conclusion, we find the experimental measurements of
5d lifetime and 6 scalar polarizabilities to be inconsistent

ties in these lifetime values are dominated by the uncertainwithin the uncertainties quoted by the experimental groups.
ties in the values of B-6d transitions and the uncertainty in Our theoretical calculations are consistent with polarizability

the contributionay,; as evident from Table Il

experiments but not with the lifetime measurements. Thus,

Finally, we repeated the polarizability calculation by re- further measurements of the properties df&hd € states
placing the 8l-6p matrix elements derived from the lifetime are of great interest for clarification of this issue and for

experiment by our theoretical value€SD;.) from Table I. All

providing benchmark values ford56p matrix elements.
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