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Calculations of parity-nonconservings-d amplitudes in Cs, Fr, Ba", and Ra*
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We have performedb initio mixed-states and sum-over-states calculations of parity-nonconséRING
electric dipole E1) transition amplitudes betweend electron states of Cs, Fr, Baand Rd . For the lower
states of these atoms we have also calculated eneEfiesansition amplitudes, and lifetimes. We have shown
that PNCE1 amplitudes betwees-d states can be calculated to high accuracy. Contrary to thes€ss6
transition, in these transitions there are no strong cancellations between different terms in the sum-over-states
approach. In fact, there is one dominating term which deviates from the sum by less than 20%. This term
corresponds to ae-p4;, weak matrix element, which can be calculated with an accuracy of better than 1%,
and apq,-ds;» E1 transition amplitude, which can be measured. Also stlteamplitudes are about four times
larger than the correspondirsgs amplitudes. We have shown that by using a hybrid mixed-states—sum-over-
states approach the accuracy of the calculations of BNiGamplitudes could compete with that of Cs-8s
if p1-dsp E1 amplitudes are measured to high accuracy.
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. INTRODUCTION from the relativistic Hartree-FoodlRHF) method in the/N~1

) . ] approximation. The single-electron RHF Hamiltonian is
Precise low-energy experiments on parity nonconserva-

tion (PNC) in atoms provide a test of the standard model of N - 2 N-1

elem(entagy particle iFr)neractions. By measuring PNC electric Ho=Ca-pt(f=1)c"=Z/r+VIs, @
dipole (E1) transition amplitudes, the value of the nuclear , ) -

weak charge can be extracted by comparison with calcula@ @ndg are Dirac matrices, amalis the electron momentum.
tions. In a recent PNC experiment with cesifib} the PNC ~ The accuracy of RHF energies is of the order of 10% for
E1 transition amplitude between thes @nd 7 states has heavy atoms like Cs, Fr, Ba and Ra.

been determined with an unprecedented accuracy of 0.35%. In order to obtain more realistic wave functions, electron-
However, interpretation of the experiment is limited by theelectron correlations must be taken into account. Correlation
accuracy of the atomic calculations. Since 1989, calculationsorrections to the electron orbitals are calculated using the
of the 6s-7s PNC amplitude in Cs have been at the 1% level“correlation potential” method[11]. This method corre-
[2,3]. At this level of accuracy the value of the nuclear weaksponds to adding a nonlocal correlation potenBato the
charge is consistent with that predicted by the standar%}

otentialVN~* in the RHF equatioril) and then solving for
model. Recent measurements of values relevant to the PNfge states of the external electron. The correlation potential is

E1 amplitude E1 transition amplitudes, hyperfine structure gefined such that its average value coincides with the corre-

constantsare in much better agreement with the calculated _.. . _ A .
values than they were ten years ago. From this it has begﬁt'on correction to energyiE; =(y;| 2| ). The correlation

claimed that the accuracy of the calculated PRET ampli- fhoégnt'?ri Itie(z:a;lecsuil(ijgld gguzgfnag' isn:)efr;nciliré)r/}-body perturbation
tude is 0.4%44]. Reinterpreting the Cs measurement with the ry

higher accuracy, while using the calculatid@s3], the value N

of the nuclear weak charge gives a @.8eviation from the O=Hf- 2 F'o(f')
standard model predictiof4]. However, inclusion of the i=1 '
Breit interaction into the calculations reduces the deviation

by about Ir [5,6]. Note that these measurements give thewhereH is the exact Hamiltonian of an atom. The lowest-

best limits on new physics beyond the standard model, SucE‘rder correlation diagranisecond order itJ) are presented

as extraZ bosons, leptoquarks, and composite fermlonqn Fig. 1. At this level of calculation the accuracy for energy

[7-9]. _ _ o levels is about 1%.
One obviously needs an independent confirmation of the Using the correlation potential method and the Feynman

Cs result. In this paper we show that the accuracy of calcUgjagram technique we include three series of higher-order

lations of PNCE1 transition amplitudes betweend states 5 qrams, which are calculated in all orders of perturbation
of Cs, Fr, Bd, and Rd could compete with that of the Cs

6s-7s transition. The experiment for thesébd transition in

Ba' is already in progreskiQ]. O
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Il MANY-BODY CALCULATIONS FIG. 1. Second-order correlation diagrams for the valence elec-

We perform calculations foN-electron atoms with one tron (2 operatoy. Dashed line is the Coulomb interaction. Loop is
external electron above closed shells. The calculations stattie polarization of the atomic core.
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FIG. 2. Screening of the Coulomb interaction.

FIG. 3. Hole-particle interaction in the polarization operator.
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FIG. 4. The electron self-energy operator with screening and
hole-particle interaction included.

919 2Xrr+1 224X+ 2 2ZF+ ... FIG. 5. Chaining of the self-energy operator.

- 4 - ¢ FIG. 6. Brueckner-type corre-
g N g 3 v lation corrections to the PNE1
transition amplitude; the crosses
denote the weak interaction and
the dashed lines denote the elec-
tromagnetic interaction.

© oZ o%

FIG. 7. Small corrections to the PNEL tran-
sition amplitude: external field inside the correla-
tion potential. In diagramsa) the weak interac-

rd e tion is inside the correlation potential 5%
’ ‘ denotes the change K due to the weak interac-
® o tion); this is known as the weak correlation po-
ra Z Z tential. Diagramgb) and (c) represent structural
radiation (photon field inside the correlation po-
tentia). In diagram(b) the weak interaction oc-

Y curs in the external lines; in diagrafo) both the
e weak and electromagnetic interactions occur in
the internal lines.

K

53
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theory[2,12,13. These are screening of the electron-electronriputions are suppressed by the small paramBtgy/E core
interaction, the hole-particle interaction, and chaining of the~1/10, whereE,,, and E;,; are excitation energies of the

self-energy operatd. The electron-electron screenifgee  external and core electrons, respectively.

Fig. 2) and the hole-particle interactiqfrig. 3 are incorpo- The nuclear spin-independent weak interaction of an elec-
rated into the self-energy operafor(Fig. 4). Chaining of the  tron with the nucleus is

self-energy operator to all orde(Big. 5 is then calculated
by adding3. to the Hartree-Fock potenti®™~* and solving

the equation |:|W=&p(r)Qw75: (4)
22
(Ho+3—€)y=0 (3) WhereGg is the Fermi constanQy is the weak charge of

the nucleus;ys is a Dirac matrix, angb(r) is the density of

iteratively for the states of the external electron. In this waythe nucleus. Parity nonconservig transition amplitudes,
“Brueckner” energies and orbitals are obtained. These enerarising due to the simultaneous interaction of atomic elec-
gies have an accuracy of the order of 0.1%. The wave functrons with the nuclear weak charge and the photon field, can
tions can be further modified by placing a coefficient beforebe calculated using two methods: from a mixed-states ap-
3. such that the corresponding energy coincides with the exProach; or from a sum-over-states approach, in which experi-
perimental value. This fitting of the Brueckner orbitals canmental valuesenergies an&1 transition amplitudescan be
be considered as a way of inc|uding higher-order diagram@Xp"Ciﬂy included. Contributions to PNE1 transition am-
into the calculations. plitudes are presented diagrammatically in Figs. 6 and 7.

We use the time-dependent Hartree-Fock metivaiich In the mixed-states approach the PEC transition am-
is equivalent to the random-phase approximation with explitude between the statess and (W—1)ds,, n=6 for Cs
change to calculate the interaction of external fields with and Ba', n=7 for Fr and Ra, is given by
atomic electrons. In this paper we deal with two external
fields: the electric field of the photorE(Q transition ampli- . . .
tudes and the weak field of the nucleus. In the RHF approxi-  Elpnc=(¥(n-1)dHe1t 6Ve1| 8¢ng) +(n—1)d Hw

mation the interaction between an external fiéld,, and ~ -

atomic electrons iy!'T|A o, v4h'F), whereyt'F and '™ are + SVltnd F (-1l SVerwl o) ®
RHF orbitals. Inclusion of the polarization of the atomic coreypere 5y and 6V, are corrections to single-electron wave
bX an external field is reduced to the addition of a correctiorynctions and the Hartree-Fock potential caused by the weak
SV (which is the correction to the Hartree-Fock potential dueinteractionfp and 8Vg, are corrections to wave functions
to the interaction between the core and the external)fteld  ang the Hartree-Fock potential caused by the electric field of
the operator, which describes the interactidi"|[Hex  the photon, andVeyy is the correction to the core potential

+6V| 4Ty, To include “Brueckner-type” correlation cor- due to the simultaneous action of the weak field and the
rections the RHF orbitals are simply replaced by Brueckneelectric field of the photon; the wave functionsg, ;)4 and

ones,( lﬂ?r“:'exﬁr 5\”/| ¢§f>_ The Brueckner-type correlations #ns correspond to Brueckner orbitals, and the correctidps

give the dominant corrections to the RHF approximation.and s are found by solving the equations:
They correspond to diagrams in which the interactions occur

in the external lines of the self-energy operafeee, e.g., (I:|0+i—e)5¢/f= —(I:lw+ 5\7\,\,) U,
Fig. 6). Those diagrams in which thel interaction occurs o 5 . .
in the internal lines are known as “structural radiation,” (Hp+2—€)iy=—(Hgy+ V) .

while those in which the weak interaction occurs in the in-

ternal lines are known as the “weak correlation potential” This method is equivalent to calculating the diagrams pre-
(see, e.g., Fig.)7 There is also a correction to the amplitudessented in Fig. Gwith 3. chained to all orders, Fig.)5vith the
arising from the normalization of stat¢$1]. The structural inclusion of the core-polarization diagranfexamples pre-
radiation, weak correlation potential, and normalization con-sented in Fig. 8

Parity nonconservingl transition amplitudes between the staissand (h—1)d in the sum-over-states approach have the
form

<(n_l)d3/2||:|El+ 5\A/E1|n'p1/2><n'p1/2||:*w+ 5vw|n5>
Elec=2
n’ Ens— En’pll2
S ((N=1)da Hy+ 8Vw|n' pa)(n’ pad Hea + Vs ns) ®
n’ Enay,~Enrpy,
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TABLE I. Energy levels(ionization potentials of the lower states of Cs, Fr, Baand Rd in units

—cm !
State RHF Brueckner Experiméeht RHF Brueckner Experimefit
Cs Ba
6s 27954 31420 31407 75339 80813 80687
7s 12112 12851 12871 36852 38333 38332
8s 6793 7082 7090 22023 22651 22662
6P 18790 20275 20228 57 265 60581 60425
TP 9223 9643 9641 30240 31332 31297
8p1s 5513 5701 5698 18 848 19378 19351
6p3p 18389 19708 19674 55873 58 860 58734
P30 9079 9460 9460 29699 30704 30676
8pap 5446 5618 5615 18580 19075 19051
5ds), 14138 17023 16 907 68139 76 402 75813
6ds/, 7920 8824 8818 33266 34740 34737
7d3 4965 5362 5359 20251 20871 20887
5ds, 14163 16 915 16 810 67 665 75525 75012
6ds)» 7921 8781 8775 33093 34536 34532
7ds), 4963 5341 5338 20167 20777 20792
Fr Ra"
7s 28768 32841 32849 75900 81960 81842
8s 12282 13071 13196 36861 38405 38437
9s 6858 7164 7178 22004 22659 22677
TP 18856 20674 20612 56 879 60681 60491
8Py 9240 9730 9736 30053 31244 31236
9p1 5521 5737 18748 19332
7papm 17 656 18944 18975 52906 55734 55633
8pa 8811 9180 9191 28502 29447 29450
9Pz 5319 5486 17975 18462 18432
6ds/, 13826 16 610 62 356 70149 69 758
7d3 7725 8583 860% 31575 33060 33098
8ds), 4857 5241 5248 19451 20079 20107
6ds/, 13925 16 413 61592 68 449 68 099
7ds), 7747 8496 851% 31204 32569 32602
8ds, 4863 5197 5203 19261 19849 19868

&Taken from[14].
®Measured in Refd.15—21.

where the sum is taken over a complete sepgf andps,  (5) (see also diagrartc) of Fig. 8. These exotic states con-
states. tribute due to their mixing with the single-excited electron

Note that the sum-over-states approach should also irstates. This means that the mixed-states calcula®ons
clude the states with double-excitations like, for example inmore complete than the sum-over-stat@sunlessthe high-
Cs, (5p®6s|H\|5p°6p7s). In the mixed-states approach energy states with two or more excited electrons are included
these states are included, for example, in the last term of Edn the sum.

(a) (b) (c)

FIG. 8. Examples of diagrams representing the polarization of the atomic core by externalfibllsiagrams we have presented are
exchange diagrams; there are also direct diagpaimsliagrams(a) and (b) the core is polarized by a single fie{the dashed line denotes
the E1 interaction and the cross denotes the weak interactidiagram(c) corresponds to the polarization of the core by both fields.
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TABLE Il. Calculated radial integralé.u) for Cs, Fr, Bd, and Rd. We present RHF values, RHF with
core polarization, the Brueckner result with core polarization included, and structural radiation and normal-
ization of states; 0.0 signifies that the value is smaller than the number of figures specified.

Atom Transition RHF RHF Brueckner+ Structural Normal-
core polar- core polar- radiation ization
ization ization of states
Cs 651, 6P32 -6.432 —6.074 —5.500 —0.028 0.047
651~ 7P3p —0.602 —0.440 —0.463 —0.013 0.003
6S1/,— 8pPap —0.245 —0.143 —0.162 —0.008 0.001
6p1o—5d3 7.775 7.481 6.050 0.026 —0.050
7p1o—5d3 —3.498 —3.591 —1.742 0.011 0.011
8p1—5d3p —0.860 —0.916 —0.556 0.007 0.003
Fr 7S1o— P32 —6.140 -5.739 -5.128 —0.032 0.051
7S1,— 8Pap —0.949 —0.760 —0.748 —0.015 0.006
7S1,— 9P3p —0.452 -0.332 —0.336 —0.009 0.003
7p1o—6d3p 7.986 7.613 6.256 0.035 —0.061
8p1—6d3, —4.005 —-4.116 —2.249 0.014 0.015
9p1o— 6d3), —-0.941 —1.008 —-0.704 0.008 0.004
Ba" 6S1/,— 6Pap —4.744 —4.314 —4.056 —-0.032 0.046
6S1o— P32 —0.226 —0.036 —0.015 —0.013 0.0
651~ 8pP3p —0.068 0.054 0.076 —0.007 —-0.001
6p1o—5d3p 3.244 2.964 2.634 0.026 -0.034
7p1o—5d3p 0.304 0.184 0.225 0.010 —0.002
8p1—5ds3 0.169 0.092 0.099 0.007 —0.001
Ra" 7S1,— TPap —4.624 —4.154 —3.885 —-0.035 0.048
7S1o— 8P3)2 —0.541 —0.320 —0.286 —0.015 0.003
7S1o— 9P3)2 —0.243 —0.098 —0.067 —0.009 0.001
7py—6d3) 3.851 3.448 3.067 0.037 —0.047
8py—6d3 0.091 —0.075 0.009 0.014 0.0
9p4,—6d3, 0.075 —0.030 -0.014 0.008 0.0
However, the accuracy of pum initio calculations for Electric dipole transition amplitudes between the states

s-d transitions is not very good because of the huge correlaand m’ are calculated in length form{m’||Hg,||m)
tions ford states. On the other hand, we will see in the nextx(m’||r||m)=C,wR, whereC,, is an angular coefficient
section that this problem can be avoided in the sum-overandR is a radial integral. In Table Il we present radial inte-
states approach by using experimental values foptiteE1 grals relevant to the sum-over-states calculation for Cs, Fr,
transition amplitudes. Therefore, the best accuracy caBa’", and Rd. In this table we present the values obtained
be achieved when both methods are combined. Substitutidn the RHF approximation and show the contribution of core
of experimental values into the sum-over-states approacpolarization to the RHF integrals; we also present (tieit-
leads to a correction to the PNC amplitude, which can bded Brueckner results and the contributions arising from
added to the mixed-states result. Following this procedure, igtructural radiqtion and normalization of states. In Table !II
is possible to determine the PN&d amplitudes with an We present radial integrals, for the four atoms, corresponding
accuracy of about 1%(see discussion at the end of to E1 transitions between the !ower states; these were ca_lcu—
Sec. llI). lated with fitted Brueckner orbitals and with structural radia-
tion and normalization contributions included. Experimental
values for Cs and Fr are presented in Table IV. The Cs

ll. RESULTS 5d3-6p3, and 5ds-6pq, radial integrals were extracted
from the measuremen{26] of the &dg, lifetime, 7
Hartree-Fock energies for Cs, Fr, Baand Rd are pre- =909(15) ns by assuming that the ratio of the calculated

sented in Table I. These have an accuracy of the order ofadial integrals corresponds to the ratio of the experimental
10%. The Brueckner energies, including the three series ofalues. This assumption was also used to obtain the Fr
higher-order diagrams, are also presented in Table I. Thes&d;-7ps, and s-7p4y» radial integrals from the mea-
energies have an accuracy of the order of 0.1%. sured lifetimer=73.6(3) ng28]. With the exception of the
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TABLE lIl. Radial integrals(a.u) for states of Cs, Fr, Ba and Ra . Fitted Brueckner orbitals are used,;
core polarization, and structural radiation and normalization of states are also included.

6p1s2 P12 8Py 6p3p2 7P3p2 8P3p2
Cs 6s —5.508 —0.313 —0.081 —5.482 —-0.471 —-0.171
7s 5.211 —12.605 —-1.137 5.625 —12.383 —1.419
8s 1.266 11.386 —21.753 1.273 12.163 —21.252
5da, 6.072 ~1.785 —0.560 6.120 —~1.579 —0.506
6d2, ~3.696 15.558 —4234  —4.082 15.612 —-3.726
7d5, —1.806 —5.632 27.670 —1.918 —-6.379 27.773
5ds, 6.190 —1.641 -0.522
6ds), —3.986 15.699 —3.886
7ds), —1.893 —6.186 27.876
Ba" 6s —4.054 0.121 0.141 —4.048 —0.030 0.063
7s 3.053 —8.583 —0.139 3.362 —8.464 —0.401
8s 0.863 6.080 —14.153 0.888 6.634 —13.884
5d;, 2.646 0.226 0.103 2.584 0.285 0.135
6d5), —4.234 7.488 0.101 —4.520 7.311 0.282
7d3p, —1.189 —7.134 13.494 —-1.170 —7.674 13.195
5dg), 2.658 0.279 0.133
6ds), —4.469 7.418 0.235
7ds, —1.1865 —7.5570 13.352
P12 8Py 912 7P3p2 8p3p 9P
Fr 7s —5.242 —0.331 —0.093 —-5.107 —0.748 —0.343
8s 5.217 —12.326 —1.206 6.484 —11.536 —1.947
9s 1.256 11.428 —21.382 1.215 13.777 —19.660
6d5), 6.237 —2.229 —0.691 6.417 —1.553 —0.516
7d5, —-3.014 15.893 —5.488 —4.186 16.175 —3.829
80, —1.606 —~4.296 27.952  —1.975 —6.546 28.464
6ds), 6.576 —-1.684 —0.549
7dg), —-3.974 16.368 —4.184
8ds, —-1.917 —6.106 28.695
Ra" 7s —3.948 0.108 0.142 —3.877 —0.294 —0.082
8s 3.104 —8.523 —0.168 4.038 —8.071 —0.891
9s 0.867 6.167 —14.122 0.897 7.825 —13.137
6ds, 3.074 0.011 —-0.011 2.913 0.245 0.110
7d3p, —3.774 8.262 —-0.412 —4.662 7.801 0.256
8d;, —1.240 —6.152 14.649 —1.242 —7.812 13.854
6ds), 3.109 0.224 0.105
7ds), —4.515 8.087 0.117
8, -1.281 —~7.476 14.276
Cs 6s-7p4 transition, the calculations af py/, radial inte-  =7) decay directly to the ground state via tB2 transition;

grals agree with experiment at the level of 0.1%. The poothe nds, states decay via both tHe2 andM1 transitions.
accuracy of the §7p4, radial integral is due to the fact that Lifetimes of the Ba 5d states are presented in Table V. The
the main RHF contribution is very small and the relative calculations were performed with fitted Brueckner orbitals;
contribution of all corrections is large. ThedSp radial  core polarization, structural radiation, and normalization
integrals for Cs have poor accuracy, deviating from expericontributions were included in tHe2 transition amplitudes.
ment by about 4%. This is indicative of the poor calculationThe calculations are in good agreement with experiment. We
of d states due to very large correlation corrections. Thehave also presented the calculations performed by Guet and
accuracy for the Fr d-7p radial integrals is about 1%. The Johnsori29]. It appears that for the stat&l§, they have not
reason that this accuracy is better than that for @69 is  taken into account thtM1 transition. This seems to be the
because the accuracy of the highielevels (here ®l rather  reason for the discrepancy between the lifetime calculations
than &) is better due to smaller correlation corrections.  for this state. From our calculations it is seen that inclusion
We have calculated the lifetimes of the low-lying states ofof the M1 transition effectively decreases the lifetime of the
Ba" and R4 . Thendy, states of B4 (n=6) and R4 (n  5dg, state from 36.3 s to 30.3 s. For Rave obtained the
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TABLE IV. Calculated(Table Ill) and experimental radial inte-

grals(a.u).
Atom Transition Calc. Expt.

Cs Gs-6p 1) —5.508 —5.497(8) 2
65-6p3) —5.482 —5.476(6) 2

65-7p1s2 —-0.313 —0.348(3)"

75-6p1) 5.211 5.18827)°¢

75-6ps), 5.625 5.61127) ¢

7s-7py,  —12.605 —12.625(18}

75-7P3p —-12.383 —12.401(17Y

503/,-6P 1) 6.072 6.315) °©
503/,-6P3/ 6.120 6.365) °©
5ds/-6P3) 6.190 6.402) °©

Fr 7s-7P1s —5.242 —5.238(10Y
75-7Pap —5.107 —5.108(13

7da 7P 1 —3.014 —3.05(1) ¢
7dg-7P3s2 —4.186 —4.24(2) 9
7ds/7P3o —-3.974 —4.02(8) 9

aReferencd22).
PReference 23].
‘Referencd 24].
dReferencd 25].
®Referencd 26].
Referencd 27].
9Referencd 28].

lifetimes 7=0.641 s andr=0.302 s for the statesdg,, and
6ds,,, respectively; these were calculated in the same way
for the Ba 5d states. The lifetimes for states of Rahave
not been measured. Lifetimes of all other states are strong
dominated byE1 transitions and so can be calculated using

a
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TABLE VI. Mixed-states results for PNE1 transition ampli-
tudes between the states-(n—1)d, ((n—1)d|E1,ns), where
n=6 for Cs and B4 and n=7 for Fr and R&; units are

10 Yieag(— Qw/N).

Cs Fr Ba Ra’

Mixed-statesE1pyc 3.62 57.1 2.17 42.9

ing s-s amplitudes. Furthermore, unlike the contributions to
the sum-over-states calculation in Cs-8s, in which the
dominant contribution is about twice as large as the final
result due to strong cancellations between three major terms
in the sum, the PNG-d transition amplitudes in Cs, Fr,
Ba", and Rd are strongly dominated by a single term. In

each case this term corresponds({a—1)ds,Hei|npy)
X(npya Hw|ns)/(Ens— Enp,): this term is different from

the sum by less than 20%.

Because the Cspf,,-5d5,, E1 transition amplitude and
energies are known, we can correct the mixed-states PNC
result. Replacing the calculated values by these experimental
values in the dominating term of the suy6) for Cs increases
this term(and the total supby about 4%. This correction is
mainly due to the difference between the calculated and ex-

TABLE VII. Results of the sum-over-states calculations for the
PNC E1 transition amplitudes for Cs, Fr, Ba and Rd. We
present the contributions of the terms in the sum corresponding to
tge intermediate-(n+ 2)p states, the contribution due to all other
Intermediate p states, and the total value; units TﬁeaB
—Qw/N); 0.0 means that the term is smaller than the number of
gures specified.

the radial integrals presented in Table Ill. The calculated
lifetimes of the @ states of Ba are in excellent agreement

<d||:|E1|np1/2><n Py Hwl s) (d| Hul NP32){N P32l |:|E1|5>

with experiment and calculations by Guet and Johnsa® Es—Enpy, Ea—Enp,,
Table V).

The mixed-states results for the PNET transition ampli- €S Nn=6 3.154 0.728
tudes are listed in Table VI. The results of the sum-over- n=7 —0.258 —0.013
states calculation, and the contributions of the six terms cor- ~ N=8 —0.047 —0.002
responding to the summation over the(n+2)p states, are Other 0.197
presented in Table VII. In both calculations the contributions Total 3.76
of structural radiation, weak correlation potential, and nor-Fr  n=7 59.78 5.19
malization of states were not included. T&el PNC ampli- n=8 —6.13 —-0.15
tudes are up to about four times as large as their correspond-  n=9 -1.10 —-0.03

Other 1.95
TABLE V. Lifetimes of low-lying states of Ba. Total 59.5
_ Ba® n=6 2.036 —0.264
State rhepeper 7 e n=7 0.045 ~0.001
6Py 7.89 ns 7.99 ns 7.90(10) fis n=8 0.012 0.0
6Pas 6.30 ns 6.39 ns 6.32(10) fis Other 0511
5d., 815s 83.7's 79.8(4.6)C | Total 234
5ds/, 303s 37.2s 345(35)%  R& n=7 40.69 —2.33
n=8 0.11 —0.05
aReferencd29]. n=9 0.02 -0.01
PReferencd30]. Other 7.47
‘Referencg 31]. Total 45.9
dReferencd 32].
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perimental values for thE1l amplitude(see Table IY. From V. CONCLUSION
0, i I -
tsrtlz nisﬁo?scgﬁ;acy (gtgtaelg[lilg]tl(\)/\r/]es g;nhgge(raf(l:r:e;hzttn:ﬁ;u;eccc&n We have calculated the PNE1 transition amplitudes
Pz ' P betweers-d states of Cs, Fr, B3 and Ra. Generally, high

racy of thes-py;, weak matrix elements in this calculatiqn Is .accuracy cannot be reached in puralyinitio calculations of
also about 1%. Therefore, we can say that the uncertainty Il ese transitions due to the poor accuracyl atates. How-

Lhetﬁglﬁl#?;c;g t'ng'fothEl_F(’jN%Sl' da%mlri)tll:tcl;g:z;?j %%Tslg?Jtegs ever, we have shown from a sum-over-states calculation that,
Y y e P unlike the Cs 8-7s amplitude, thes-d amplitudes we have

0 .
about 4% for Cs and about the same value, or a little MOre, ~ntioned are strongly dominated by a single term in the
for other atoms.

; . . : sum. Moreover, this term corresponds tosap,,, weak ma-
The correction to the $5d Elpyc amplitude m_lc_s dis= i element, which can be calculated with an accuracy of
cussed in the previous paragraph is 0426 leag

o . better than 1%, and @,,-d5, E1 transition amplitude,
'Eh_e QV\r/(e '::3 X!Tj; ItisISE fdde(%sto Stg)e _rg');gi'iga_tle]?e;esu“’which can be taken from experiment. The need to reach high
PNC - e B

—0u/N). Si ina th . tab&sd EL i accuracy ford states is therefore avoided. In addition to this,
(=Qw/N). Since using the experimen ap ampl-  pNC s-d transition amplitudes are larger than the corre-
tude removes the main source of uncertainty, the accuracy %fpondings-s amplitudes. The mixed-states calculation can
iy ) . .
X‘e mo.d'f'iq rr1esult must b% chlnS|der|§[bldy better than 4%y ¢ o gified by correcting the terms in the sum-over-states by
e e oy e o[ ST eXpermentEL ansion ampludes and ener
calculateds- weaBI/( matrix elements W}r/ﬂch is about 1}‘/3/0 gies. If pyzds E1 amplitudes are measured to high accu-
P . ) ’ ) racy, we believe that the accuracy of the calculations of PNC
(however, we believe that this accuracy can be improve

- i 0,

beyond 1% with the inclusion of weak correlation potential d amplitudes for Cs, Fr, B3 and R can reach 1%.
and normalization contributionsMore rigorous calculations
and a more detailed analysis of the accuracy will be carried
out when the need arises from the progress in experiments.
We expect that calculations efd Elpyc amplitudes for Cs, We are grateful to E.N. Fortson for useful discussions.
Fr, Ba", and Rd, with empirical corrections, can reach an This work was supported by the Australian Research
accuracy of about 1%. Council.
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