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Relativistic many-body calculations of energy levels, hyperfine constants, electric-dipole matrix
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Removal energies and hyperfine constants of the lowestrfeunp,,,, andnps, states in Na, K, Rb, and
Cs are calculated; removal energies of the7—10 states and hyperfine constants ofrike7 and 8 states in
Fr are also calculated. The calculations are based on the relativistic single-@®Dbkpproximation in which
single and double excitations of Dirac-Hartree-Fock wave functions are included to all orders in perturbation
theory. Using SD wave functions, accurate values of removal energies, electric-dipole matrix elements, and
static polarizabilities are obtained; however, SD wave functions give poor values of the magnetic-dipole
hyperfine constants for heavy atoms. To obtain accurate values of the hyperfine constants for heavy atoms, we
include triple excitations partially in the wave functions. The present calculations provide the basis for reevalu-
ating parity nonconserving amplitudes in Cs and[B1050-294709)06312-X|

PACS numbgs): 31.15.Ar, 31.25.Jf, 32.10.Fn, 32.10.Dk

. INTRODUCTION electric-dipole matrix elements far' p-ns transitions in al-
Energy levels, transition matrix elements, hyperfine conkalis from Na to Fr are evaluated for=N,N+1 andn’
stants, and static polarizabilities for low-lyirsg,,, p1, and =N, ... N+3, whereN is the principal quantum number of

pa;» States in alkali-metal atoms are studied systematicallyhe ground state. Matrix elements and energies from the
using the relativistic single-doubléSD) method in which  present SD calculation were used in R3] to study po-
single and double excitations of the Dirac-Hartree-Focldarizabi!ities of aIkaIi—metaI atoms. _ _ _
(DHF) wave function are included to all orders of perturba-  In this paper, we discuss our calculation of static polariz-
tion theory. The SD method was applied previously to Study’ibilities in detail and show that treb initio SD results are in
properties of Li and Bé [1], Li, Na, and C42], Cs[3], and excellent agreement with the values recommendefl ).
Na-like ions withZ ranging from 11 to 164]. In the latter ~We also calculate Stark-induced scalar and vector transition
study, the theoretical removal energies for Na-like ions polarizabilities forNs-(N+1)s transitions. The accuracy of

when corrected for the Lamb shift, agreed with experiment aPUr calculations is discussed and recommended values of
the 1—20 cm? level of accuracy for all states considered scalar and vector polarizabilities are provided for Cs and Fr.

while theoretical hyperfine constants and dipole matrix ele_‘l’hese values are needed for the interpretation of experiments

. . : on parity nonconservation in atorfi$4].
ments typically agreed with precise measurements to better A systematic study of hyperfine constants §py,, and

0,
than 0.3%. a2 levels is also presented. The accuracy of SD calculations

. Energl_e§ Of. aIkah-meth atoms ha_"? peen calculated t(gf the hyperfine constants for alkali-metal atoms decreases
high precision in Ref{5] using the relativistic coupled-cluster rapidly from 0.3% for Na to 7% for Cs. To obtain more

) ' - - Geeurate values for heavy alkalis, it was found necessary to
studies of hyperfine constants or transition amplitudes fofcyde triple excitations to the wave functions partially. The
alkali-metal atoms. All-order methods are needed for suchjerivation of an approximate single-double partial triple
studies since correlation corrections are large in alkalis a”@SDpT) wave function is given in the following section.
Iqw-order many-body perturbation theo_fMBPT) does not In summary, we study low-lying andp levels in alkali-
give accurate results for atomic properties. In K, Rb, and Csmeta| atoms in the relativistic SD and SDpT approximations
third-order MBPT gives ground-state energies in poorefyng find excellent agreement with other high-precision cal-

agreement with experiment than second-order MBPT, as ilgyjations and with available experimental data. The SDpT
lustrated in Table | where zeroth-order DHF energies are

tabulated together with second- and third-order MBPT cor- ,

rections. The differencea® k=0.2.3. between experi- TABLE |I. Z_eroth—_(or DHF), second- ar_1d third-order MBPT
mental energies and accumulated MBPT values shown iFfE'(CQ)Va' energie® in cm ™ and energy differences®=Ee
Table | oscillate above and below the experimental values '
and show no sign of convergence. In the SD approximation,

an important subset of MBPT diagrams is iterated to all or- E(kl)( (4S)A(k) E(kl)?b (SS)A(k) E(k?s (GS)A(k)

ders in perturbation theory, leading to energies in excellent

agreement with experiment. 0 32370 2640 30571 3120 27954 3453
During the last few years, the lifetimes of the lowesh 2 35104 —94 33878 —187 31865 —458

andpg, levels have been measured to high precision for ali 34655 355 33200 491 30529 878

alkali-metal atom$6-12], yielding experimental dipole ma- Eexpt 35010 33691 31407

trix elements accurate to 0.1%-0.25%. In the present work
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wave functions from the present calculations will be used
later to evaluate parity nonconservitgNC) amplitudes in (Sa—Sm)Pma=(SD)+r%;c ObcnrPmnrabes (4)
cesium and francium.

Il. TRIPLE EXCITATIONS (ey—&mT 6E,)pm=(SD)+ Eb GabniPmnrvabs  (5)

nra
The all-order single-double method was described previ-
ously in Refs[1-4]. Briefly, we represent the wave function (e,+ep—&m=€n)Pmnab
¥, of a one valence electron atom W5~ W SP with

1 :(SD)_% gcdarpmnrbdc_% OcdbrPnmradc
SD__ T
\va = 1+2 pmaamaa+§ 2 Pmna@%axabaa
ma mnab

_Z gcmrspsnrbac_z JenrsPsmrabe (6)

rsc rsc
T T LT
+ E vaamav+2 Pmnva@m@n@ady o, (1)
m#v mna
(eatey—em—ent OE,) pmnva

where®,, is the lowest-order atomic state function, which is

taken to be thérozen-coreDHF wave function of a state. =(SD)+ > UpcaPmnrvedt > GbevrPmnrabe

In this equationa’ anda; are creation and annihilation op- reb e

erators, respectively, for statelndices at the beginning of

the alphabeta, b, . . . , refer to occupied core states, those in +§‘B gbmrsosmvbaJrE% ObnrsPsrmvab - (7)
the middle of the alphaben, n, .. ., refer to excited states, " "

andv refers to valence orbital. Substituting the wave func-j, the apove equations, we write out only those terms arising
tion (1) into the many-body Schdinger equation, where the o the triple excitations. The quantities are single-
Hamiltonian is taken to be the relativistivo-pair Hamil-  h4ricle energies andE, is the correlation correction to the
tonian with Coulomb interaction$15], one obtains the valence energy. Below, we use the notatign,= e+ s
coupled equations for single- and double-excitation coeffia — Gubod—G an;j}} — pabed—p Themconzr,i
CientSpmy , Pmas Pmnvar @Ndpmnap. The coupled equations Fabcd Zabed - Fabde: "/ abed Fabed |abde: ol
are solved iteratively for the excitation coefficients. We usebmIons from the single- and double-excitation coefficients,

. . ' designated bySD) above, are given in Ref4]. We require
the resulting SD wave functions to evaluate hyperfine con hat the triple-excitation Coefficienis,nap and prnrape be

stants and electric-dipole matrix elements. It was shown irfna C 0 ) X
ntisymmetric with respect to any non-cyclic permutation of

[4] that the SD energies are not complete in third order an i .

that the missing third-order energy contributions are associ-he |_nd|cesmnr, yab andmnr, abc, res'pectlveI.y, qnd we
ated with the omitted triple excitations. J4], we calculated o_b_taln Fhe following equations for the triple-excitation coef-
the missing third-order terms separately and added them tféments.

the final energies. It can be shown that one-body matrix el- bepte—eq—en—s;)
ements calculated using SD wave functions are complett(:\Sa EbT EcT Em™ En Er)Pmnrabe

through third order. As mentioned in the Introduction, the 1/1

hyperfine constants for heavy alkali-metal atoms are not de- = 2 59121/2/1033'—2 91d172/P23d3’
. . .. . . . 123={mnr} d

termined to high precision in the SD approximation. How- 1/2'3' ={abg}

ever, by adding the two triple-excitation termgnnap and

Pmnrabe 10 the SD wave function, we automatically include n , o+ Ttrioles 8
the missing third-order energy and also substantially improve z Gzasa'pasyvzr | HL1iples], ®
the accuracy of our calculations of hyperfine constants. The
corrected wave function is (eateptey—&em—€n— &+ OEy) Pmnmvab
1 1/1
~ SD — tatat = ~| = ror y X ’
v, =~V + m;ab Pmnvab@m@ndy 8pdady 123=2{mnr} 2(291212 P33 2 J1c172/P23c3
1'2'3"={vab}
1
totot
+— a,a,aca,a, | P, , 2 .
18 mnzrabcpmmabéim nrCebal Ty @ + > Goasarpisirzr | +[triples], 9
S

Whgrgva is single-double wave function in Eq1). The where[triples] groups together terms containimg,,nap OF
addition of the core termmnrabcisS necessary to preserve the pmnrane. In the above equations, the notation £23nnr}
symmetry relationpnya=pnma - Carrying out the calcula- - gesignates symbolically that the indices 123 range over all
tions, we obtain the following equations for the energy andsjy hermutations of the indicganr; even permutations con-
single- and double-excitation coefficients: tribute with a positive sign while odd permutations contrib-
ute with a negative sign. The relatively small contributions
_ from single and triple excitations on the right-hand sides of
OE,=(SD)+ , - .
v=(SD) m%b YabmrPmmvvab @ Egs.(8) and(9) are omitted in the present study.
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The dominant triples corrections arise from the triple con- ' ' ' '
tributions to 8E,, and p,,, given in Eq.(3) and Eq.(5), re- 5000 - Fr ]
spectively. Solving the equation fpr,,ap and substituting  _~ v
the resulting expression into E), we find g o
~ S
5 g 4000 v g
abmn ~ ~ E=] ]
oE,~(SD) + 2 - . E JcmavPnvbe 2 Rb
mnab €aph™ €mn| ¢ = v
§ 3000 | K e A ]
+§s: gnvastS/b"'zC: JevbvPmncat ES: OmvsvPnsba ? 8 A
154 A ® Expt.
~ ~ g 2000 N )
+2 gcmabovnvc+2 OmnaPvsvb 2 ImnvsPvsba E 2 AE?+E?
¢ s s g § O3E,
S
l(m 1 1 1 1
+ > JevbaPmme. - (10 0 20 40 60 80 100
¢ Nuclear charge Z
Repeating these steps fpy,, , we obtain from Eq(5) FIG. 1. Comparisons of MBPT and SD correlation corrections

to the ground-state energies for alkali-metal atoms.
(Sv_ emTt 5Ev)pmv
3 point nonlinear radial grid. All orbitals were constrained to a
~ bnr 9.7 I herical cavity; the cavity radii were chosen to be 110
~(SD)= 2 1 > Gneual arge sp Y y
irab (Eap—&nr) | T TNVAIMEP a.u. for Na, 100 a.u. for K and Rb, 75 a.u. for Cs, and 90 a.u.
for Fr. Such large cavities were needed to accommodate the
_E grmsapsmb+2 gmwapmcb_E UrmevPrsab highly excited states considered here. The DHF energies of
s c s the lowest three to fous andp states were reproduced to five
or more significant digits by the B-spline basis functions.
+> gncab;,rmcv_z gmsa;m/b_z UnrevPmsab Qengrally, the Iarg'er values ofhad Iovyer accuracy, Which
c s s is unimportant owing to the decreasing size of correlation
corrections with increasing. Terms in the angular momen-
tum decomposition with angular momentunirom 0 to 6
+ OmcatPnrev | - (11 . ) . . .
c were retained in the basis and the partial-wave contributions
were extrapolated to give the final values of the correlation

In our numerical studies, we use the approximation energy. The extrapolation procedure is describef#inFor
~ the case of Fr, only partial waves witks5 were retained
Jabmn = because of computational limitations, and the extrapolation
€ab— €mn Pmnab procedure was simplified, leading to somewhat lower accu-
racy.

in Egs.(10) and(11). In the present calculations, we include  Contributions to the energy from the Breit interaction
triples in the p,,, and 6E, equations only. As discussed (with all-order correlation correctiohsvere obtained as ex-
above, only double-excitation terms are considered in th@ectation values of the Breit operator using SD wave func-
equations for the triple-excitation coefficients. Finalx-  tions, as described if4]. Breit corrections were found to be
plicit triple-excitation corrections to matrix elements areless than 15 cmt! in all cases.
omitted; only indirect corrections caused by modification of In Fig. 1, values ofSE, for the ground states of the alka-
OE, andpr, are included. The modified matrix elements arejis, corrected for missing triples, are compared with the
evaluated as described in RB£]. In the approximation used second-order energyE(®, the third-order energyE(®
here, all third-order corrections W®E, are automatically in- +E(®) and with the experimental correlation energypt.
cluded. Differences betweewE, and E®+E®) are from fourth-
and higher-order terms in the MBPT expansion. It is clear
[ll. RESULTS AND DISCUSSIONS from the figure that the SD procedure resolves the problem
of poor convergence of MBPT discussed previously and
shown in Table I, and that the SD ground-state correlation
The SD equations are set up in a finite basis and solvednergies are in good agreement with experimental values.
iteratively to give the single- and double-excitation coeffi- Contributions from fourth- and higher-order corrections in-
cientSpma, Pmv» Pmnab @Ndpmma, and the correlation en- crease from 8% of the total correlation energy for Na to 24%
ergy oE,. The basis orbitals used to define the single-for Fr. Differences with measurements for the ground-state
particle states are linear combinations of B-spline8. For  correlation energy range from 0.1% for Na to 2.7% for Fr.
each angular momentum state, the basis set consisted of 4tie SD approximation, therefore, accounts for a dominant
basis orbitals constructed from 40 B-splines of order 7. Infraction of the fourth- and higher-order correlation energy.
our iterative calculations, we used only 35 of the 40 orbitalsCorrelation corrections for lowegp,,, states are about 3
The B-spline basis orbitals were interpolated onto a 25@imes smaller than those for the ground states. The relative

A. Removal energies and fine structure
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contributions of higher-order corrections are found to be ap- TABLE Il. Comparison of SD calculations afs andnp,, re-
proximately the same fans andnp states. moval energies with the CC calculations from Ré&f|, many-body
A detailed comparison of removal energies $andp,,  calculations from Ref[18], and with experimental energies from
; ; -1
states with experiment is given in Table II. The experimentaffefs-[17-19 in units of cm ™.
data used in this comparison are from R&f7] except for Fr,

where experimental energies compiled 18] and results of 3 4s 5s 6s
recent measuremenﬁ$9] arg used. For Na, our th?oretlcal Theory 41447 3 15708.8 8248.48 5076.68
uncertainty(from extrapolation ranges from 0.4 cm' for Exot 41449.4 15709.4 8248.76 £076.82
the 3s state to 0.04 cm! for the 6s state; this uncertainty Xpt 41352' 15696 ' '

increases for heavier alkalis. The agreement with experimerﬁC
is excellent for Na, where thestenergy differs from experi- Na 3p1p 4p1s 5Py 6p12
—1 . A1

T e e M2 0 Ty e umo  son e
7-42 cntin Rb, 17-145 cmin Cs, and 16-114 cni =Pt 24493.3 111824 6409.06  4153.12
in Fr. Agreement with experiment improves substantiaIIyCC 24465 1172
with n since correlation corrections decrease. Our results foK 4s 5s 6s 7s
the removal energies afp,;, states are in excellent agree-

. . . Theor 34962 13958 7548 4730
ment with experiment for all states considered. FRqr ), Exot y 35010 13966 2669 4735
states, the differences with experiment are 0.1-0.6 ‘cin pt.
CcC 35028 13983

Na, 2-4cm?tin K, 1-7 cmi *in Rb, 9-24 cm? in Cs, and
13-29 cm ! in Fr. The removal energies ofp states are K 4Py 5p1p2 6p1s2 P12
expected to be in better agreement with experiment becau

of the smaller size of correlation corrections. We make pre eory 22023 10304 6008 3938
. . . ) P Expt. 22025 10308 6010 3940
dictions of 94, and 1(,,, energies in F(where there are
22016 10306

no experimental valugsn the last row of Table Il. These
predictions are based on comparison of SD energies witRRb 58 6s 7s 8s
experimental energies for othap states in Cs anij Fr. We Theory 33649 13527 7365 4637
expect our predictions to be accurate to about 5~ tnEx-

. . Expt. 33691 13557 7380 4644
perimental energies for all states, exceptripestates of Na,

are larger than theoretical values; in other words, correlatio© 3372l 13564
corrections are generally underestimated in the SD approxRb P12 6p1s2 P12 8p1sp
mation.
. . .. . Theo 21111 9969 5852 3854
The SD energies are also compared with the relativistic i 21112 9976 £856 3856
CC calculations from Ref.5] and with MBPT calculations 1117 0857

from [18] in Table Il. The CC calculations agree better with cc
experiment fons states except for the case of Na, where theCs 6s 7s 8s 9s
CC energy differs from experiment by about 100 ¢nfor Theory 31262 12801 2060 4479
the 3s ground state. For thap states, the present calcula-
tions are in better agreement with experiment than the cEXPL 31407 12871 7089 4496
calculations, especially for theg, state of Rb and thef¥;» 31443 12876
state of Cs. Cs 60172 P12 8p1i2 912
The fine-structure intervalsp,,,-np;» are compared with
experiment and with relativistic CC calculatiofs in Table
[ll. Predictions for the fine-structure intervals of the &nd Expt 20228 9641 5698 3769
9p states in Fr, based on comparisons of other intervals in c§C 20217 9549
and Fr, are also given in the table. The theoretical fineFr 7s 8s 9s 10s
structure intervals are seen to be in uniformly excellentrheoIry

Theory 20204 9621 5687 3760

agreement with experiment. :;;33 120(5))613 71;'3 4532):
In summary, the relativistic SD approximation gives ac-EXPt 4 131 1 45
curate values fons removal energies in alkali-metal atoms, 18] 32762 13082 7160 4534

the agreement with experiment being better for lighter ele£C 32839 13112
ments. Removal energies fap states andhps-npy, fine-  Fr P12 8Py 9P 10p4,
structure intervals are also in excellent agreement with ex=
periment Theory 20583 9712 5724 3782
Expt. 20612 9736 57382 37952
B. Electric-dipole matrix elements (18] 20654 9742 5736
CcC 20574 9736

Electric-dipole matrix elements forn’pq-ns and
n’ps-NS transitions are evaluated in the SD approximation®Prediction based on SD calculations.
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TABLE Ill. Comparison of SD fine-structure intervals in Na, K, where the first term contributes for scalar operators only. The
Rb, Cs, and Fr with experiment and with theoretical CC valuesterm z5P is the sum
from Ref.[5]. Units: cmi L.

val

: Z8=z7,+ 2+ ..+ 20 (14)
This work Expt. [5]
Na. 3p373Pus 1715 17.20 18.35 wherez,,, is' the DHF matrix 'elemen.t and the remgining 20
P 558 5 63 5 09 terms are _Ilne_ar or qga_dratlc functions of the single- and
Paiz P double-excitation coefficient®na, Pmy s Pmnab: @NAdPmmva -
SPaizSPur 2.46 2.52 Expressions for the terng) and the normalization constant
6p3/2'6p1/2 1.26 1.25 SD . .
6Ny~ are given in Ref[1].
TPz TP12 0.75 0.74 . ; , -,
K Apardpyy 573 5772 59.45 _ Mat{rlx elements fom’pq;>-ns and n Paz NS tranSItlo_ns
cooe 185 188 10.3 wlthn =N---N+3 andn=N,N+1, whereN is the prin-
PajzoP1r2 : ' : cipal quantum number of the ground state, are calculated
6pa/z6p112 85 8.4 using this method. The resulting matrix elements are subse-
P32 TP12 4.4 . quently used to evaluate polarizabilities. In Fr, the electric-
Rb SP3/z5P1r 236.5 231.6 2403 dipole matrix elements af’ p-9s transitions are also calcu-
6pP326P1/2 76.5 77.5 87.7 lated to provide additional data for this least studied alkali-
TP3x 7P112 34.8 35.1 metal atom.
8P32-8P 12 18.6 18.9 We performed calculations of electric-dipole matrix ele-
Cs 603/2-6P1/2 552.2 554.1 5545  ments both in length and velocity gauges. The matrix ele-
7P327P12 178.6 181.0 198.4  ments for the principal transitions in the two gauges differ by
8P3/-8P1s2 81.4 82.6 0.01% for Na and by 0.7%-1% for Fr. The gauge depen-
9P3/-9P 12 43.9 44.7 dence stems from the nonlocality of the starting DHF poten-
Fr P32 7P 1676 1687 1670 tial and from the limited number of MBPT diagrams in-
8p32-8p1s2 536 545 560 cluded in the formalism. Only length gauge results are listed
9p3/-9P1/ 244 25@3) 2 in the following tables since the length gauge is generally
10p3,-10p1,, 132 1362) 2 more reliable for correlation calculations as discussed in Ref.

8Prediction based on SD calculations.

using the formalism laid out in Refl]. In brief, the one-

[21].

In Table IV, we compare the SD matrix elements for the
principal Npy,»-Ns and Nps,»-Ns transitions in Na, K, Rb,
Cs, and Fr with the high-precision experimental results from

particle matrix elemenZ is represented in second quantiza-[7,9,13. The differences between the present SD calcula-

tion as

_ T
Z—Z Zijai aj,
1]

12

tions and experiment range from 0.1% in Na to 0.5%—-0.8%
in Fr. The SD results for the principal transitions are in all
cases in better agreement with experiments than the third-
order MBPT values fronj20] because of the more complete
treatment of higher-order corrections. In Cs, which has been
extensively studied during the past 15 years, all-order results

wherez;; is the matrix element of the dipole operabe-  from Refs.[21] and[22] are also available. Comparison of
tween single-particle orbitals. In the SD approximation, ma-gyr results with these theoretical calculations will be given
trix elements ofZ are obtained by substituting the SD wave pejow. Reduced matrix elements for transitions from all
function from Eq.(1) into the matrix elemenW|Z|W\).  n'p, . andn’py, states tdNs and (N+ 1)s states of Na, K,
Correcting for normalization, one obtains and Rb are given in Table V. These matrix elements are used
later to evaluate polarizabilities. Except for the principal
75D transitions, no high-precision experimental values are avail-
val able for these matrix elements.
[(1+ 6NSP)(1+ SNSP) V2 It is possible to include effects of triple excitations indi-
(13  rectly by using the valence single- and double-excitation co-

<\I,\?VD| Z| ‘1’3% = OwvZcore™

TABLE IV. Comparison of SD calculations of reduced dipole matrix eleméats) for the principal transitions in alkali-metal atoms
with experimental values.

Na K Rb Cs Fr
3py-3s Ref. dpr4s  Ref. 5p4-5s  Ref. 6p4/-65 Ref. 01-7S Ref.
Present 3.531 4.098 4,221 4.478 4.256
Expt. 3.524623) [7] 4.1025) [7] 4.2313) [7] 4.489065) [12] 4.2778) [9]
3pz-3s 4pg-4s SpP35s 6p3-6s TPz 7s
Present 4.994 5.794 5.956 6.298 5.851
Expt. 4.98384)  [7] 5.8008) [7] 5.9714)  [7] 6.323873  [12] 5.89815  [9]
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TABLE V. SD values of reduced dipole matrix elemefgsu) most of the transition matrix elements are from the
in Na, K, and Rb. Brueckner-orbita(BO) terms defined ifi4] and discussed in
Refs.[3] and[20]. To estimate the effect of omitted higher-
order corrections to the BO terms, we scaled the single-
3p,-3s  3.531 b, -4s  4.098 9,55 4.221 excitation coefficientsp,,,, as described in Ref21]: the
4p,»3s  0.305 D45 0.275 &,,-5s 0.333 coefficients were multiplied by the ratios of the experimental
5p,-3s  0.107 @,-4s 0.084 M55 0.115 to theoretical correlation energies. In Table VI, scaled results
6py-3s  0.056 Hyrds  0.039 .55 0.059 for Cs matrix elements are compared with our SD data, with
3pyrds 3575 %55 3.866 .65  4.119 the all-order calculations of Ref§21,22 and with experi-
4p,-4s 8376 P55 9.461 &,,-6s 9.684 ment. The experimental data forp&s transitions in this
5py-4s  0.943 @,,-5s 0.892 D165 0.999 table are from the most recent measurenidr®]. For the
6pyrd4s  0.377 Hy»5s  0.335 5,65 0.393 other transitions, with the exception op77s, the experi-
3psyr3s  4.994 fyrds  5.794 4,55 5.956 mental data compiled in Reff22] are used. Matrix elements
4py-3s  0.435 ards  0.406 @455 0.541 for 7p4-7s and s 7s transitions can be determined ac-
5pyr3s  0.154 @s-4s  0.128 Par5s  0.202 curately from a recent high-precision measurement of the
6ps-3s  0.081 Dar4s  0.061 455 0.111 Stark shift[23]. Values determined in this wafdescribed
3py4s  5.066 %455 5.510 %465 6.013 more completely in the following sectiprare listed instead
Apyr4s  11.840 %455 13.358 %465 13.592  of experimental data for these two transitions since no accu-
5pyr4s  1.341 @455 1.292 4,65  1.540 rate experimental values are available. We also list matrix
6pyrds  0.537 Dar5s  0.491 465 0.628 elements from Ref.24], where experimental and theoretical
data were compiled to provide “best values.” As we can see
from the Table VI ourab initio SD calculations provide ac-
efficientsp,,, andp . Modified as explained previously to curate values for all of the matrix elements with the excep-
include triples partially. Equatiofil4) itself is not modified tion of np-6s. For np-6s transitions, omitted higher-order
in this procedure; thus, effects of the triples are included onlycorrections are very large, but can be estimated using the
indirectly. We use this procedure to obtain SDpT values forscaling procedure described above. Results from R2fd.
hyperfine constants. We found that including triples indi-and [22] were obtained using similar scaling procedures;
rectly does not improve the agreement with experiment fohowever, the relative importance of scaling is different in
matrix elements of principal transitions, except for Na; foreach case owing to the different treatment of correlation cor-
transitions other than the principal ones the accuracy imrections. In Ref[21], scaling gave small0.2%—0.4% con-
proves slightly. tributions for all transition$3], while in Ref.[22] scaling led

To improve the accuracy of the matrix elements furtherto 5.5% and 4% changes inp7,-6s and 7ps,-6s matrix
one must include triple excitatiorsxplicitly in the matrix  elements and 0.1%—0.7% changes in the others. For our SD
elements, i.e., calculate matrix elements in 84} using the  calculations, scaling changes matrix elements fpg,f6s
SDT wave function given in Ed2). As a result, the expres- and 7p5,-6s transitions by 6% and 4%, respectively, and

Na K Rb

sions forZ,, will be modified: results for all other transitions by 0.5%-1.2%. Our scaled
matrix elements in Cs are in excellent agreement with other
Z30T=275D+[triples], (150 accurate theoretical results and with experimental values for

transitions other than the principal transition. For the princi-
where[triples] are terms containing the triple-excitation co- pal transition, the present scaled values are in poorer agree-
efficientSpmnwab @Nd Pmnrabe- ment with experiment, since scaling does not account for
It is possible to estimate the contribution of some omittedmissing fourth- and higher-order random phase approxima-
higher-order terms. The dominant correlation corrections tdion (RPA) terms[4] that contribute significantly in this case.

TABLE VI. Comparison of SD reduced dipole matrix elemef@si) for Cs with other theoretical values
and with experiment.

Transition SD Scaled Ref21] Ref.[22] Expt. Ref.[24]
6P 165 4.482 4535 4510 4.494 4.489)

6p3/-65 6.304 6.382 6.347 6.325 6.3233)

7p1-6s 0.297 0.279 0.280 0.275 0.2 0.282521)
7ps-6s 0.601 0.576 0.576 0.583 0.583) 0.582@44)
8py6s 0.091 0.081 0.078

8py6s 0.232 0.218 0.214

6Py 7S 4.196 4.243 4.236 4.253 4.223) 4.23722)
6P 7S 6.425 6.479 6.470 6.507 6.41) 6.47431)
TPy 7S 10.254 10.310 10.289 10.288 10.308 @ 10.28%31)
Tp3-7S 14.238 14.323 14.293 14.295 14.320 @ 14.28643)

8Predictions based on the experimental value of the Stark [S#ft
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TABLE VII. Comparison of SD reduced dipole matrix elemetasu) for Fr with other theoretical values
and with experiment.

SD Scaled Ref[25] Ref.[18] 2 Ref.[18] P Ref.[20] Expt. [9]

7Py 7S 4.256 4.279 4.304 4.179 4.277
8Py 7S 0.327  0.306 0.304 0.291 0.301

Py 7S 0.110  0.098 0.096

10,75 0.055

7Par7s 5.851 5.894 5.927 5.791 5.898
8Py 7S 0.934  0.909 0.908 0.924

9P 7S 0.436  0.422 0.420

10p3- 7S 0.271

7p1r-8s 4184  4.237 4.230 4.165 4.219 4.196
8py»-8s 10.02  10.10 10.06 10.16 10.00

9p,-8s 0.985 0.977

10p,-8s 0.380

7p3r-8s 7.418  7.461 7.449 7.384 7.470 7.472
8p3»-8s 1323 1337 13.32 13.45 13.26

9p3»-8s 2.245 2.236

10p3,-8s 1.049

7p1r-9s 1.016 1.010

8p1»-9s 9.280 9.342

9p1-9s 17.39 17.40

10p,-9s 1.822

7P3-9s 1.393 1.380

8p3-9s 15.88 15.92

9p3-9s 2259 22.73

10p3»-9s 3.876

4ncludes contributions from non-Brueckner diagrams extrapolated from Cs results.
bPredictions given in Ref.18].

For other transitions, scaling of the SD results substantiallfarge number of’p-ns matrix elements in Fr were evalu-
increases the accuracy, allowing us to make reasonable prgted using a semiempirical model potential metia8).
dictions for the corresponding transitions in Fr where no ex-These semiempirical values agree with geinitio SD cal-
perimental results are available and to estimate the accuragylations to better than 1% with the exceptions of tise8p
of Fr polarizability calculations. and %-9p transitions, where contributions from correlation
In Table VII, we compare our results for's-npy, and  corrections are very large. The scaled SD data, which are
n’s-npg,, matrix elements in francium with theoretical cal- more accurate for these four transitions, are in good agree-
culations from Refs[18,20,23 and with experimenf9]. As  ment with[25].
for other alkali-metal atoms, the present all-order results |n conclusion, the all-order SD method gives accurate
agree better with experiment than the MBPT results fromdata for a wide range of’p-ns matrix elements for all
Ref.[20]. The results from the all-order calculations[dB]  alkali-metal atoms with exception of some transitions, such
are shown in columria) of Table VII and the predictions as %-8p in Fr, which have small dipole matrix elements and
from [18] are shown in columrib). Our SD results for the |arge correlation corrections. The accuracy for such transi-
8s-7p transitions are between the values shown in columnsions is significantly improved by scaling single excitation
(@ and (b), while SD data for 8-8p transitions are very coefficients. To achieve higher precision for electric-dipole
close to values fronfb). The only transition for which there matrix elements and to improve the accuracy of other matrix
is a large discrepancy between the SD values and those froBlements in Cs and Fr, a more complete treatment of triple
Ref.[18] is 7s-8py,. As previously noted, there is a large excitations is necessary.
contribution to this matrix element from triple excitations
that can be estimated by scaling. The scaled SD matrix ele-
ment for this transition, listed in second column of Table
VII, is in much better agreement with R¢fL8]; it differs by As mentioned in the Introduction, SD matrix elements
5% from the resul{a) and by 2% from the predictiofb). and energies were used to calculate static polarizabilities,
This transition is particularly hard to calculate since the totalvan der Waals coefficients, and atom-wall interaction coeffi-
correlation correction is about 40%bout twice as large as cients of alkali-metal atoms if.3]. We discuss the calcula-
for the 7s-7p4,, transitior), and a more accurate treatment of tion of the static polarizabilities in more detail here. The
higher-order corrections is required. Our SD result for thepolarizabilities of the ground states of alkali-metal atoms are
7s-8ps), transition agrees with Ref18] to 1%. Recently, a given by the sum of two terms= «a, + a,, Wherea, is the

C. Static polarizabilities
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TABLE VIII. Contributions to static polarizabilitiesa.u) of alkali-metal atoms and comparisons with
recommended values from R¢f3].

Na K Rb Cs Fr

main 162.06 284.70 308.43 384.3 293.9
a 0.08 0.07 0.14 0.2 1.4
o 0.95 5.46 9.08 15.8 20.4
e —-0.02 -0.13 -0.26 -0.5 -0.9
aSP 163.07 290.10 317.39 399.8 314.8
Recomm[13] 162.63) 290.28) 318.646) 399.91.9 317.82.4
Expt. 162.78) 2 293.66.1) P 319.96.1)° 403.68.1) P
aReferencd 28].

bWeighted average of experimental data from REZS,30.

contribution from valence excited states adglis the con- izabilities are given in atomic unitsaﬁ). The SD results for
tribution from core excitedautoionizing states. The contri- Na, K, Rb, and Cs are in excellent agreement with the values
bution of the autoionizing states can be well approximatedecommended in Ref13] which were obtained using high-
by a., the polarizability of the ionic core. We writer,  precision experimental matrix elements for the principal
=actag, Whereag, is a counterterm compensating for transitions and experimental energies. In the case of Fr, the
Pauli-principle-violating excitations from the core to the va- gjtference is 1%; however, the accuracy of the recommended
lence shell. For an alkali atom in it$s ground state, these ajye is 0.75%. The difference in Fr is in part due to the

contributions are given by

@ :EE |<NS||Z||n,p1/2>|2+ [(NS]|Z][n’ pa2)|?
\% 3 n’ E ENS E ENS 1

n'pip NP

(16)
_2 . Kallzllm)?
“TI En-Ea &
_1$ Kallz[Ng)?
B Y B Bu e

The expressions for. and a,. above are written in the
single-particle approximation.

The dominant term is the valence contributiap. This
term is evaluated by summing over the first few valuea’of
in Eq. (16) explicitly and approximating the remainder.
Thus, a,= @™+ o', In the terma™", we includedn’p
states withn’=3-7 for Na,n’=4-7 for K, n"=5-8 for
Rb, n"=6-9 for Cs, anch’=7-10 for Fr. All matrix ele-

ments were calculated using SD wave functions. These stat

account for more than 99% af, ; the small remaindea"

lower accuracy of the SD dipole matrix elements for the
principal transitions compared to the accuracy of these ma-
trix elements for other alkalis.

Stark-induced scalar and vector polarizabilitiesand 8¢
for transitions fromNs to the (N+ 1)s states were also cal-
culated. The vector polarizabilitgs is important for the in-
terpretation of PNC experimenf$4]. In addition, we evalu-
ated differencesAa between polarizabilities of the N
+1)s states and thé&ls ground states. Formulas ferg and
Bs are given in[21]. Cesium is the only alkali-metal atom
for which experimental data are available for all three of
these parameters. The present calculations provide useful ref-
erence data for the lighter alkali-metal atoms and for Fr.

Contributions toag and B are listed in Table X together
with comparisons with experiment and with semiempirical
calculations from Ref[24]. The core contributions vanish
for the transition polarizabilities but the core-valence contri-
butionsa,, and B, do not. The term&2", a,., B2, and
Byc Were evaluated in the DHF approximation, which is suf-
ficient since these terms give small fractions of the totals.
Jbe data in the rows labeled3® and B3° were obtained
using SD data for energies and matrix elements. The SD

was evaluated in the DHF approximation and is expected tyalue for the spalar transition polarizabilitys in Cs differs
be accurate to better than 15% for Na and 50% for Fr. Thé'om the experimental value by 1.5%. As we see from Table
core polarizabilitye, which contributes less than 10% of the X, Bs is very small for Na but increase rapidly with Our
total in all cases was calculated using the relativistic RPAValue of 26.87 for Cs is in good agreement with the latest
Values ofa, for Na", K*, Rb", and Cs were taken from experimental valugds=27.024(43}p(67)heory from Ref.
Ref.[26] and the RPA value for Frwas obtained in a sepa- [31]. The vector polarizability3s is especially difficult to
rate calculatioi13]. The resulting values af, are expected calculate precisely, sincepy, and nps, terms contribute
to be accurate to better than 5% based on comparisons withkith opposite sign. For example, thgf, contribution is
recommended values from Miller and Bederd@7]. The  —154.90 and the B, contribution is 171.74. As a result,
much smaller valence-core contributiomg, were evaluated even small uncertainties in the values of matrix elements can
using DHF wave functions. lead to large errors. The principal uncertaintiesdg are

A breakdown of contributions to ground-state polarizabil-from 7s-6p and 7p-6s matrix elements. It should be noted
ities is given in Table VIII, together with a comparison with that it is sufficient to accurately know the ratio of
recommended values from 3] and experimenf28—30. In  (npg-n’s)/(npy-n’s) matrix elements to significantly re-
this table and in the paragraphs below, values of the polarduce the error.
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TABLE IX. Contributions to scalar and vector polarizabilitieg and 85 (a.u) for alkali-metal atoms.

Na K Rb Cs Fr
3s-4s 4s-5s 5s-6s 6s-7s 7s-8s
23N 149.66 176.74 235.39 270.80 374.39
o 0.32 0.28 0.68 0.87 4.22
aye -0.01 -0.05 -0.11 -0.20 -0.37
a3P 149.97 176.97 235.96 271.47 378.24
Recomm. 268.@.2) 2 375.33.6) @
Dzubaet al.[24] 269.01.3
Expt. 267.68) °
pain 0.35 1.95 9.18 26.75 72.57
Bl 0.00 0.00 0.04 0.10 0.65
Bue 0.00 0.00 0.00 0.00 0.01
B3P 0.35 1.95 9.22 26.85 73.23
27.162
Recomm. 27.1@2) ¢ 74.37)2
Dzubaet al.[24] 27.1513)
Expt. 27.028) ¢

avalues obtained by using experimental values of energies and matrix elements for the principal transitions
and scaled SD data for the eight other transitions listed in Table VI for Cs and Table VII for Fr.

bValue obtained by combining the measuremenggf31] with the accurately measured ratié3 from Ref.

[32].

“Value obtained by using our recommended valueraind the experimentat/ g8 ratio from Ref.[32].
dreferencd 31].

To estimate the accuracy of the SD value and to providéoth methods described above. The results from the rows
recommended values for scalar and vector transition polarizabeled “Recomm.” are obtained by using experimental val-
abilities in Cs and Fr we also calculates and Bs using  ues of energies and principal transition matrix elements to-
experimental energies and matrix elements for the principagjether with scaled SD data from Table VII. The SD results
transitions and scaled SD matrix elements for the other trane3° and B3° agree with our recommended values within
sitions listed in Tables VI and VII. This semiempirical cal- 0.8% for ag and 1.4% forBs. As in the case of Cs, the
culation leads to the recommended values in Table IX withuncertainty in the value akg is calculated by assuming that
the exception of the value @85 in Cs, which is listed in a the errors in all the transitions are independent. The uncer-
separate row. The accuracy of the valuengfis calculated tainties are dominated by the uncertainty of thg,87s ma-
assuming independent uncertainties in all matrix elementsrix element, which is 2% based on comparison with Cs data.
where the uncertainties are based on comparisons with eshe final uncertainty invg for Fr is 1%; the uncertainty in
periment. The main contribution to the error iy comes  Bqis also 1% based on a comparison with Cs.
from uncertainties in the 3,-6s matrix element, which is Table X gives the contribution td «, the difference be-
accurate to 2%. The contribution of other uncertainties isween the static polarizabilities of th&l¢+ 1)s states and the
insignificant. The resulting value efs is in excellent agree- Ns ground states of alkali-metal atoms. The SD vaiue®°
ment with the experimental value. To estimate the accuracyf the scalar transition polarizability for Cs differs from the
of the vector transition polarizability, we calculgg using  recent experimental result 5887 [23] by 0.6% and agrees
our recommended value afs and the high-precision experi-
mental ratioas/ Bs=9.905(11)[32]. The resulting value of TABLE X. Contributions to the differences in static polarizabil-
Bs, which is listed as the recommended value of Table IX, isties (a.u) of (N+1)s and theNs ground states of alkali-metal
27.114(22) with the error coming dominantly from the calcu- atoms.
lation of ag. As we see, this value is consistent with our
direct calculation of8s=27.16. Further improvement in the
accuracy of values of scalar and vector polarizability will be p ,,main 2038.6 4673.7 4851.0 5868.4 4419.3
possible when an accurate experimental value of the i 1.9 15 29 3.0 11.1
7p3-6S matrix element is obtained. Our recommended val-
ues of as and Bs in Cs are in excellent agreement with igéco 2;)4?) 5 42'7153 4%524 1 50;711 8 2;1831 2
values obtained by Dzuba, Flambaum, and Sushi@fl.  oo.omm ' ' ' ' 45126) a
Uncertainties in the values afs and Bs in Ref. [24] are b

o pt. 58376)
lower than the uncertainties of our recommended values ow-
ing to the fact that a 0.7% uncertainty to the experimentaPvalue obtained using experimental energies and either experimen-
value of 7pg,-6s matrix element is assigned in R¢24]. tal or scaled SD matrix elements.

We also carried out calculations af and8gin Fr using  °Referencd23].

Na K Rb Cs Fr
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TABLE XI. Comparison of SDpT values of hyperfine constants ~ TABLE XII. Nucleon numbers A, nuclear spirls magnetiza-
A (MHz) of ns, npy;», andnpg, states of alkali-metal atoms with tion radii R, (fm) from Ref.[39], and magnetic momentg, in
experiment. Experimental values are from R&3], unless noted units of uy from Ref.[38] used in the preparation of Table XI.
otherwise.

A ! Rm M
Na 3s 4s 5s 6s
Na 23 3/2 2.89 2.2176
DHF 623.8 150.5 58.04 2821 39 3/2 361 039149
SDpT 888.3 204.3 77.68 37.51 Rb 85 5/2 4.87 1.3534
Expt. 885.8 208) 789 Cs 133 712 5.67 25826
Na 3p1p 4py S5pus 6p1s2 ' i
DHF 63.4 21.0 9.3 4.9
SDpT 95.1 30.7 13.5 7.1 within the error limits with the theoretical result 5888)
Expt. 94.4413) @ from Ref.[21]. As noted previously, the experimental value
Na 3pz2 4p3p 5P3p2 6Pz of Aa can be used to derivep?7s matrix elements to high
DHF 126 416 1.85 0.98 accuracy, s_,incéa depends almost entirely on the values of
SDpT 18.8 6.04 266 1.40 these matrix elements. The values @f;4-7s and Mg-7s
Expt. 18.53415) P 6.01(3) matrix elements were varied to yield experimental value of
K 4s 5s 6s 7s A« within experimental precision. The ratio of these matrix
elements, D(7p3-7S)/D(7py»-7s), is taken to be
DHF 146.8 38.85 15.75 7.89 1.38923) based on the theoretical calculations. Experimental
SDpT 228.6 54.81 21.61 10.68 data were used for $6p, 6s-7p, and &-6p matrix ele-
Expt. 230.85 5550 21.8%18  10.8515) a T 0D, P, P
K 4Dy, 5Py, 6P1/o 7P ments and theoretical values were used for all others. The
results are D(7pq»-7s)=10.308(5) and D(7p3;-7S)
DHF 16.61 5.74 2.62 141 =14.320(7) assuming uncertainty only in the experimental
SDpT 27.65 8.95 4.02 2.14 value of Aa. The only other significant uncertainty is from
Expt. 28.8830)  8.9919 the 0.5% error in the value off67s matrix elementgwhich
K 4Par 5P3r2 6p3r P32 results in a 0.1% variation in the value afa). The final
DHE 3.23 1.11 0.512 0.276 results, accounting for the uncertainties in all matrix ele-
SDpT 5.99 1.93 0.866 0.462 ments and in the experimental value of«a, are
Expt. 6.094) 1.971) 0.8668) D(7p42-7s)=10.308(15) and D(7pz-7s)=14.320(20).
Rb 5s 6s 7s 8s We give a recommended value far in Fr obtained in the
DHE 6426 1716 70.3 355 same way as recommended_valuecﬁ@r. The uncertginty_ in
SDpT 10111 238.2 943 46.9 this value comes almost entlrgly from the uncertainty in the
Expt. 1011.9 239@.2) 94.0064  45.52.0 8p-8s matrix elements, which is taken to be 0.3%.
Rb SP1s2 6p1s2 7P1s2 8Py
DHF 69.8 24.55 11.39 6.19 D. Hyperfine constants
SDpT 120.4 39.02 17.61 9.45 The results of our calculations of magnetic-dipole hyper-
Expt. 120.11) 39.113) 17.682) fine constant#\ (MHz) for ns, np,,,, andnps, states in Na,
Rb SP3s 6pss 7Pz 8pap K, Rb, and Cs are given in Table Xl together with experi-
DHE 12.4 437 203 111 mental values froni33—-37. The nuclear magnetic moments
SDpT 245 7.98 361 1.94 used in the calculations are weighted averages of values
Expt. 25.02916) 8.2510) 3.71(1) taken from the tabulation by RaghavEs8]; they are listed
Cs 6 7s 8s 9s in Table Xll. The calculations include corrections for the
finite size of the nuclear magnetic moment distribution,
ggET 12;27‘:’325 353%)'% ;‘ﬁi fg§61 Whi_ch i_s mode_l_ed asa unifo_rmly mqgnetized ball. The mag-
: . : . netization radiiR,, are obtained using nuclear parameters
Expt. 2298.2 545.99) 218.91.6) 109.52.0 . . . .
Cs 60115 Do 8Py 917 given in Ref.[3_9] and are also_ listed in Table XII. The_ rows
labeled DHF in Table XI give results calculated in the
DHF 160.9 57.62 27.08 14.84 lowest-order DHF approximation. The all-order results, in-
SDpT 289.6 93.40 42.43 22.76 cluding triple contributions as described in Sec. Il, are listed
Expt. 291.898) © 94.35 42.9710 in the rows labeled SDpT. As stated in the Introduction, the
Cs 6par2 P32 8P3r2 932 SD method gives poor results for the ground-state hyperfine
DHE 23.93 8.64 4.08 224 constants in alkalis, except for Na. In fact, the SD result for
SDpT 48.51 15.88 7.27 3.93 the 6 hyperfine constant in Cs, without corrections for
Expt. 50.27%3) ¢ 16.6056) 7.6265) 4.1297) triples, overestimates the experimental value by 7%, which is
worse than the corresponding third-order MBPT result. As
:Refere”“{?"‘]- can be seen, the SDpT values are generally in excellent
Reference 35]. agreement with experiment fors andnp,,, states. For the
‘Reference 36]. ground state of Cs, the agreement with experiment improves

‘Referencd37]. to 1% using SDpT wave functions. The differences between
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TABLE XIll. Comparison of SDpT values of Fr hyperfine constaAtéMHz) with experiment and other
theory.g,=0.888,R,,=6.71 fm.

7s P12 P32 8s 8P 8pPap
DHF 5785.7 622.7 49.30 1482.8 220.91 18.03
SDpT 8833.0 1162.1 91.80 1923.3 362.91 30.41
Expt. 8713.98) 2 1142.@3) b 94.93)2 1912.51.3 ¢
Ref.[18] 9018 1124 102.2 1970 363.6 35.2
%Referencd41].
bReferencd 42].

%alue obtained by rescaling experimental value f8Fr 1577.81.1) MHz from Ref.[19] using «(210)
=4.40uy and u(211)=4.00uy. The uncertainty includes experimental uncertainty 3fFr value
1577.81.1) MHz only.

SDpT results and experiment are greater than 1%nfny, The dependence of the FS correction on the value of mag-
states of Rb and Cs. Further improvements of the accuracy ofetization radius was investigated in lowest order. Values of
the hyperfine constants will require a more complete treatA(7s) for Fr obtained with magnetization radiR,
ment of triples. _ . =6.5 fm andR,=7.0 fm but with the same charge radius
n the calculations described abovg, corrections dge to the =6.71 fm differ by 0.2%. The § hyperfine constants
finite size(FS) of the nuclear magnetic moment distribution cajcylated withC,,=R,=6.5 fm andC,,=R,=7.0 fm
in Na, K, and Rb are very small and are included in zerothjitfer by 0.5% of the total value.
order only. However, FS corrections to hyperfine constants
are significant for Cs and Fr and are, therefore, included to
all orders. The relative size of the FS contributions to the
correlation correction ims states in these cases is found to We have presented a systematic study of properties of
be the same as in the lowest-order DHF calculation. Breitlkali-metal atoms using relativistic single-double wave
corrections to the hyperfine constants are calculated in sefdnctions. These wave functions give accurate values of re-
ond order following the method outlined j#0]. These cor- moval energies, fine-structure intervals, electric-dipole ma-
rections are negligible for Na and K, but grow rapidly from trix elements, and polarizabilities for alkali-metal atoms
0.1% for 3 state of Rb to 0.5% for thes7state of Fr. from Na to Fr. The SD wave functions, however, lead to
The SDpT values of hyperfine constamsfor the 7s,  hyperfine constants for heavier alkali-metal atoms that differ
7P1j2, TP3p2, 8S, 8Py, and &gy, states in?!'Fr are givenin - substantially from precise measurements. To obtain accurate
Table XIlIl, where comparisons are made with experimentalalues for hyperfine constants, it was necessary to include
[19,41,43 and other theoretical daf43]. It should be noted triples (partially) in the wave function. This was done using
that FS corrections contribute 2.5% to the Ryperfine con-  the SDpT wave functions described in Sec. Il and leads to
stant. The values of thes7and 7,,, hyperfine constants for accurate values of hyperfine constants. Energies and transi-
2Ler differ from experimental values by 1.4% and 1.8%,tion matrix elements in Na determined here agree with those
respectively; however, the accuracy of the magnetic momerfitom the earlier SD calculation of Ref4]; similarly, the
©n=4.00(8)uy [41] is 2%. It should be noted that the SDpT present energies and matrix elements in Cs are in close
result for the & state of Cs underestimates the experimentahgreement with the SD calculations of RE21]. The SD
hyperfine constant by 1% but the SDpT result for tisesfate  calculations for K, Rb, and Fr presented here are completely
of Fr overestimates the experiment value by 1.4%. The relanew.
tive contribution of correlation for the Frsrhyperfine con- The theoretical SD ground-state removal energies differ
stant is about the same as for the GsHyperfine constant. from experiment by amounts ranging from 2 ¢hin Na to
Possible reasons for the anomalous differences with experit14 cmi ! in Fr, and the SD removal energies fop states
ment are uncertainties in the Fr magnetic moment or magagree with experimental values to better than 30 trfor
netic moment distribution; a more precise value of the magall states considered. The theoretical SD matrix elements for
netic moment is required to draw conclusions about theprincipal transitions agree with recent high-precision experi-
accuracy of the correlation correction. The valueAdbr the  ments to 0.1%-0.5%, with the exception of the-7ps,
7p3p state in Fr differs from experiment by 3.2%; however, transition in Fr where the difference is 0.8%. The agreement
it is lower than the experimental value, unlike values fer 7 with experiment is better for lighter systems because of the
and 7p4, states. The main source of theoretical uncertaintysmaller size of the correlation corrections. A large number of
for the 7p5), hyperfine constant is the correlation correction, matrix elements, which were used to calculate polarizabil-
as it is for the Cs B3/, hyperfine constant. Our results are in ities, are tabulated for all alkali-metal atoms; these matrix
good agreement with the theoretical calculation [d8], elements should provide useful reference data. The SD ap-
where the Fr hyperfine constants were calculated usingroximation gives excellent results for static polarizabilities
MBPT. It should be noted that our results include a Breitand for Stark-induced transition polarizabilities. Supplement-
correction and a more complete treatment of the correlatioing our theoretical calculations with experimental energies
and, thus, are expected to provide more accurate results fand experimental matrix elements for the two principal tran-
Fr hyperfine constants. sitions allowed us to predict values of the Stark polarizabil-

E. Conclusion
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ities ag and B for Cs and Fr to high accuracy. The predicted nuclear magnetic moment is necessary to evaluate the accu-
values forag and B in Cs are in excellent agreement with racy of the correlation correction to Fr hyperfine constants.
experimental values. Hyperfine constants, calculated usinfhe methods developed in this work will be used in the
SDpT wave functions, are in excellent agreement with ex{uture to evaluate PNC amplitudes in Cs and Fr.

periment forns and np,;, states of alkali-metal atoms from

Na to Cs. The differences between theoretical SDpT ground-

state hyperfine constants and experiment range from 0.3% in ACKNOWLEDGMENT
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