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Determination of lifetimes of 6P; levels and ground-state polarizability of Cs
from the van der Waals coefficientCg
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A method for determination of atomic lifetimes from the value of dispersion coeffi€ignof molecular
potentials correlating to two ground-state atoms is proposed. The method is illustrated with atomic @using
deduced from high-resolution Feshbach spectroscopy. The following lifetimes are determmltlezdr.34.80
+0.07 ns and7-6p3/2:30.39t0.06 ns. The underlying electric-dipole matrix elements are required for a
refined analysis of parity violation if®Cs. We also obtain static polarizability of the Cs ground stat®)
=400.49(81) atomic units. It is demonstrated that the uncertainties may be considerably reduced as the
coefficientCg is constrained further.
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The leading long-range interaction of two atoms in theirrgp in close agreement with the measuremdi®, pro-
respective spherically symmetric ground states is describegiding an independent reference for needed refined calcula-
in terms of van der Waals coefficiel@g [1]. Studies of tions of parity violation.
magnetic-field induced Feshbach resonances and photoasso-In recent years the most accurate lifetimes for alkali-metal
ciation in ultracold atomic samples allow us to constrain thisatoms were derived using photoassociation spectroscopy of
coefficient. Several highly accurate determination€gfior ~ ultracold atomic samples reviewed in Refd4]. Unfortu-
alkali-metal dimers were recently reporté2—4]. Here we nately, this approach was not as successful for Cs because of

propose a method for determination of atomic lifetimes frompecuhanues of molecular potentlals_ (?f the Cs dinjab|.
these coefficients. Based on the van der Waals coefficigdf deduced from

S . . ultracold collision data, the calculations reported here lead to

The method is illustrated with atomic Cs. A renewed at-o matrix elements for Cs with an uncertainty similar to the
tention has been given to the structure of this atom over thgest girect lifetime measurements. For Cs, leéal. [3] de-
last few years following the most accurate to date measurejuced C4=6890(35) a.u. using results of high-resolution
ment [5] of atomic parity nonconservatiofPNC). Atomic  Feshbach spectroscopi] Recently more Feshbach reso-
PNC [6] provides powerful constraints on possible “new nances due to higher angular momenta were identified and
physics” beyond the standard model of elementary particlesthis value has been constrained further t€q
At present the dominant theoretical atomic-structure uncer=6859(25) au[16].
tainty precludes an improved interpretation of the measure-
ment of parity violation. Major theoretical efforts so far have |. OVERVIEW AND RESULTS
focused on Breiff 7], neutron skin/hald8], and radiative
corrections[9]. The latest analysef9], depending on the The dispersion coefficien€g may be expressed as a
estimate of theoretical accuracy, report a disagreement with guadrature of dynamic polarizabilityl] (unless specified
prediction of standard model as large as 2.2 standard devi@therwise, atomic unit$i=|e|=m,=1 are used through-
tions, hinting at a possible evidence for an exdrhoson. ou):

To refine the interpretation of parity violation #¥<Cs, it 3 (o
is crucial to extend the previowsb initio relativistic many- C6:_f do[a(io)]? 1)
body calculation$10] to higher orders in residual Coulomb mJo
interaction. In this context, high-precision lifetime measure-yhere
ments serve a vital function in assessing the role of omitted
contributions. In addition, the underlying electric-dipole ma- alio)= E AE |(v| D)2 2)
trix element for the &,,,—6 S;), transition sensitively en- 3 (AE)?+ w? '
ters the expression for the parity-violatin®6,-7S;,, ampli-
tude [11]. There were two previous high-accuracy directHere|v) is the atomic ground state £, for Cs), AE; are
measurements of lifetimes o, 5, levels in Cs by Young ~€nergies of mtermeqhate statg$ .takt.an with respect to the
et al. [12] and by Rafacet al. [13]. While the precision of ground state, an(ﬂ_) is an electrlc—dlpole_ operator. For Cs
these experiments is similar, the measured lifetimes of th@!/most 85% ofCg is accumulated from intermediate states
6 Py, level 765 differ by more than three standard devia- 6Py, and 6P3;,. We exploit this strong dependence to de-

i our hiah ision indirect determinati Its | duce matrix elements of principal transitions by calculating
ions. ©ur figh-precision indirect determination results INqqiq 4| contributions usingb initio methods. We separate

the contribution of & states to dynamic polarizability and

write
*Permanent address: Petersburg Nuclear Physics Institute,
Gatchina, Leningrad District, 188300, Russia. a(iw)=ap(io)+a (i),
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FIG. 1. Comparison of contributions to dynamic dipole polariz-

ability from the principal transitionsey(iw) (dashed lingand re-
sidual intermediate states (i w) (long-dashed line Total polariz-
ability a(i w) is represented by a solid line.
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FIG. 2. Comparison of deduced values for matrix elements
(6P1/7/|D|[6Sy) (top panel and(6P5;/|D|[6Sy,) (bottom panel

where «, combines contributions of other intermediate with the results of direct lifetime measurements by Rafaal.[13]
states. These polarizabilities are shown in Fig. 1. Introducing"d by Younget al. [12].

reduced matrix element®;=(6P,||D||6S,, and a ratio
R=(D3/D1p)?,

D? AE AE
aplio)= 5| — 5t Rl O
AEpt AES+ o

EnergiesAE; of 6P, states are known experimentally with a

high accuracy and the ratio of matrix elemeni®
=1.9809(9) has been measured with a 0.05% prec|didh
The atomic lifetimes Tep, May be expressed aggPlJ

=2.1421x 10°°AE3D3/(23+1)s &
Since

CGZEJde[%(iw)2+2ap(iw)ar(iw)+ar(iw)zly
mJo

(4)

the van der Waals coefficient can be parametrized in terms

the matrix elemenb,, as

Co=Dipép+ Dipéut &, (5)
where
1/ 1 4R R?
o 12<A|51/2Jr A'51/2+A'53/2Jr AEs/z)’ (
2 (= AE AE
b= Tdoatio)| S SR @)
7Jo AEjpt o AESptw
3 (> . )
§r=—f do[a(iw)]*. (8
Jo
Solving the quadratic equatig®) we obtain
Ca— 2
D%= \/( : §r)+(i> 5 )
&p 28, 2&p

and the problem is reduced to an accurate determination of
parameters. The calculation of these quantities and uncer-
tainty estimates are discussed below. We fi
=14.0787(84) £,=45.12(30), and;, =136.7(2.7) and ob-
tain

(6P15]|D[|6S,/2)=4.506447), (10

(6P3/||D||6S,/,) = 6.342566). (11

The comparison of the dipole matrix elements with the re-
sults of previous direct high-precision lifetime measurements
[12,13 is presented in Fig. 2. The accuracy of our method is
comparable to that of these measurements. One notes a large
discrepancy between results of the previous determinations
for the important matrix elemer6P4,;||D||6S;,,) entering

the parity-violating amplitude. Our values support experi-
dpental results by Younet al. [12].

Il. DETAILS OF CALCULATION

The parameteg, can be evaluated with a high precision
using experimental energies and the ratio of matrix elements
R from Ref.[17]. We obtain&,=14.0787 (84); the uncer-
tainty is induced by experimental error in the raio

To determine parameteis and &, we have to compute
the residual dynamic polarizability, (i w). Here we follow
formalism laid out in Ref[18] and augment it with a refined
error analysis. The intermediate states can be separated into
two classes-valence states, both bound and continugff (
and core-excited states()

a(iw)=a,(io)+ad(iow)+ag,(in).

Here the terma, contains a small core-valence coupling
correction addressed below.

To sum over valence stateg we use the Dalgarno-Lewis
method restricted to the valence space. We computed the full
valence polarizability by solving Dalgarno-Lewis inhomoge-
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TABLE I. Breakdown of variousb initio contributions to static ~ «,(0). Finally the core polarizabilityx;.(0) was calculated
dipole polarizability(in a.u) from the intermediate states beyond in the RPA approximation. To improve the overall accuracy,
6P;. we further replace thab initio a.(0) with semiempirical
value 15.6445) [20] and obtaina;(0)=16.74(11). It is

Value Method worth noting that the overall accuracy of tag(0) and the
a!(0) (7---=Py) 1.81 MBPT derived matrix elements may be further improved using, for
e, (0) 0.72 RPA example, linear-response coupled-cluster mefl2ddl Based
a(0) 15.81 RPA on Eq.(12) we improve the accuracy of the paramg&glby
rescaling theab initio value of the integral, Eq.7), with the
a,(0) 16.91 semiempiricala;90). Thefinal value for the quantity, is
a;40) 16.7411) 45.1230).

The overwhelming contribution to parametér comes
) . o . from the dynamic core polarizability.(i ). The calculated
neous equation and subtracted explicit contribution of pringpa gynamic polarizability of the core satisfies an important
cipal tran5|t|ons obtained a'F the same level of many_'bc’dyl'homas—Reiche-Kuhn(TRK) sum rule lim  ad(io)
perturbation theory. Correlations were accounted for with the ) _ o=
relativistic many-body perturbation theory; we included =Nc¢/@”, Nc being the number of core electronll =54
random-phase approximatigiRPA) and self-energy contri- for Cs) The static (=0) core polarizability obtained with
butions in the computations. In the summation over coreRPA is ac(0)=15.81. This result is in a 1% agreement with
excited states we employ relativistic random-phase approx@@ vValue of 15.64¢) deduced from semiempirical fitting of
mation [19] generalized for frequency dependence. In theRydberg spectrum of C20]. The RPA accounts only for a
RPA we allow for excitations of core electrons to all possiblecorrelated contribution of particle-hole excitations. However,
valence states, including the occupie8 §tate. To account the contribution from multiple core excitations is expected to
for a subsequent violation of the Pauli exclusion principle, € Strongly suppressed because they may couple only to the
counter core-valence coupling term, was introduced. first-and higher-order many-body corrections to the core

We calculate the parametéy with the quadraturé?). We ~ Wave function. In addition, their effect is reduced by larger
notice that in Eq(7) a smooth and broad curve, (iw) is  €NEr9Y denominators in the expression for polarizability.
integrated with a narrow Lorentzian-shaped functigyi ) Overall the RPA approximation results in a dynamic core

(see Fig. 1 To illustrate the main source of uncertainty we Polarizability differing from the high-precision value by 1%
approximate at w=0 and at large frequencies recovering the exact TRK

limit [22]. The paramete§, calculated including only core
aplio) polarizability, £, =137.2, is slightly decreased by inclusion
>—dw=q,(0)(1+R), (120  of valence states and the core-valence coupling tegmto
D1 136.7. Based on the above discussion we assign a 2% uncer-
tainty to &, and arrive att,=136.7(2.7).

Employing C=6859(25)[16] and the calculated param-
eters¢ we determine the matrix elemebt,, and, using the
r@tio R [17], the matrix elemenD3,. The obtained values
are given in Eq(10). The uncertainty in matrix element cal-
culated from Eq(9) may be parametrized as

b=l0) [

i.e., the uncertainty irg, is governed by static residual po-
larizability «,(0). We present a breakdown of various con-
tributions to this polarizability in Table I.

The error bars of the derived matrix elements depend se
sitively on the uncertainty of, . As a test case we consider
contribution of principal transitions to the static dipole polar-
izability
2

+A,

2

o
& +Ag

éx

5,

&

8D 1|2 5Cq
=Ac, =

2 SR 2
(13) ( D1 _) A ) ’

2
1( D%/Z D3/2). CG

ap(0)= 3 AEl/z+ AEq),

With the employed many-body method we obtaig(0)  where Ac =7.5X 1072, A,=3.0x107°, A,=1.3x10 3
=383.6, while the corresponding semiempirical values, caland Ag=9.4x 10" 2. Combining estimated uncertainties we
culated with the experimental energies and matrix elementgbtain an error bound of 0.1% for matrix elements. This
[12,13 are 383.91.1) and 381.2896), respectively. Based accuracy is similar to that of the high-precision direct life-
on this test case we assign a conservative 1% uncertainty tme measurementsl2,13 (see Fig. 2 One notes a large
the «,(0) contribution. The core-valence coupling term, discrepancy between results of the previous determinations
aq,(iw), was estimated as a half of the difference betweerfor (6P,,||D||6S,/,); unfortunately, this discrepancy limits
two determinations of core polarizability—in the first casethe conclusiveness of previous studies. Our values support
we explicitly exclude core excitations to the 6s shell, and inexperimental results by Younet al. [12]. The reader is re-
the second case these excitations are allowed. Far @) ferred to Ref[13] for an extensive comparison with other
we obtain—0.47 in the Dirac-Hartree-FodiDHF) approxi-  measurements and theoretical predictions. Our result is most
mation and—0.72 in more sophisticated RPA method. We sensitive to the errors in the van der Waals coefficient. Pro-
assign a 15% error bar to the RPA value estimated as a halided thatCg is known exactly, the uncertainty in the matrix
of the difference between the DHF and RPA results forelements may be reduced to 0.03% with our parameters.
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IIl. CONCLUSION

We exploited a strong dependence of the van der Waals
coefficient Cg on matrix elements of principal transitions.
We deduced these matrix elements by calculating small r

sidual contributions usingb initio methods. Such an ap-

proach is applicable, for example, for all alkali-metal and
alkaline-earth atoms. The proposed method was applied t
Cs atom and the derived matrix elements have an uncertain

comparable to the best direct lifetime measuremgtisl3.

Our high-precision indirect determination results in lifetimes

in close agreement with the measuremémg, providing an

independent reference for the required refined calculations

parity violation in Cs.

In anticipation of high-precision measurements of stati

dipole polarizability «(0) of the ground state of Cs with
atom interferometny{23], we note that 96% of the polariz-

ability is due to the contribution of the principal transitions

ap(0). Subtracting the residual contributiona;50)
=16.74(11) from exactly measured 0) one may also de-

e_
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ability «(0)=400.49(81). The resulting uncertainty of 0.2%
is more than a factor of 2 improvement in accuracy com-
pared to previous determinati¢h8], 3991.9), and a factor

of 10 improvement over measured valiz| of 4028).

We employed the 0.36% accurate value of the van der
Waals coefficienC4 deduced by Leet al. [16] from high-
resolution Feshbach spectroscopy of ultracold Cs afaths
ccording to Ref[4] the precision of this dispersion coeffi-
dient may be potentially improved to 0.03%. If such a pre-
cision is achieved, the method proposed here, augmented
with more accuratab initio calculations and better measure-

0rpents of the ratiocR, may lead to determination of matrix

elements of principal transitions with much improved 0.01%

Caccu racy.
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