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High-precision calculation of the parity-nonconserving amplitude in francium
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A high-precision calculation of thes?8s parity-nonconservingdPNC) transition amplitude in francium,
based on a relativistic all-order method, is presented. Our values for the PNC amplitdé®s and>'%r are
Epne=15.41(17) and 14.02(15), respectively, in units ¥|e|ag(— Qw/N), whereQy, is the weak charge
andN is the neutron number. Spin-dependent contributions to the PNC amplitude are calculated for Fr isotopes
with nucleon numberé& =207, 209, 211, and 213. To assess the accuracy of our calculations, we apply the
present all-order method to thes&s PNC amplitude in cesium and obtain a result in close agreement with
previous high-precision calculations.

PACS numbd(s): 32.80.Ys, 31.15.Ar, 31.25.v

Measurements of parity-nonconservi(RNC) amplitudes  where D is the dipole transition operator arthyc is the
in francium, the heaviest alkali-metal atom, have been proPNC Hamiltonian. In the present calculations, we evaluate
posed 1], and considerable progress has been made recentiifis sum directly. The dominant part of the PNC interaction
in understanding the structure of the francium atom. On thejamiltonian is
experimental side, energies of the &1d S levels, lifetimes
of the 7p4», and 75, levels, and hyperfine constants of the Ge
7p1» and & levels have been accurately measuf2d6|. hpne=——=QwYsp(r), 2
On the theoretical side, calculations have been carried out for 2\2
energies, transition rates, hyperfine constants, and sh@s7 ) ) ] ) )
PNC amplitudd 7—11]. With the possibility of new measure- WhereGe is the universal Fermi coupling consta@ is the
ments of PNC in mind, we present a calculation of tise8s ~ Weak charg¢18], andys is the Dirac matrix associated with
PNC amplitude in francium accurate to 1%; our value forpseudoscalars. The quantjpyr) is a nuclear density func-
22%y differs by 3% from the previous many-body value tion, which is approximately the neutron density. In our cal-
given in Ref.[9]. culations, we modeb(r) by the charge form factor, which is
Measurements of thess7s PNC amplitude in cesium taken to be a Fermi distribution with 50% radicis 6.83 fm
[12,13, when combined with accurate many-body calcula-and 10—90 % thickness parameter2.3 fm for 22%r [19].
tions, [14,15 provided a high-precision atomic-physics test  Our calculation oEpyis divided into three parts: a main
of the standard model and yielded an experimental value foferm E{) that contributes 97% of the total and consists of
a nuclear anapole moment. Although precise measuremenfse sum over states with=7, . . .,10, a ta”E(pzN)c that is the
of PNC amplitudes have also been made for the,£6ps>  sum over states witm=11, ..., and the contribution

transition in TI[16] and the 63'P0-63Pl transition in Pb EG)  from autoionizing states given by the ternts
[17], the corresponding theoretical calculations are not suffi— 5 6

ciently accurate to permit precise tests of the standard model Fist 'we discuss the calculation of the main term. As

to be made in these cases. _ _noted previously, the dipole matrix elemer®s|D|np,,)
Recently, we carried out a systematic study of atom'cand(npl,2|D|7s) and removal energies, . and Enp,, Were

properties of alkali-metal atoms using the relativistic single- .
double(SD) all-order method7]. Our calculated energy lev- calculated using the all-order SD method[if]. Therefore,
e only need to calculate (8s|hpydnpyy and

els, dipole matrix elements, and hyperfine constants in F . .
b yp npy2 hend 7S) to high accuracy to obtain an accurate value

were shown to be in excellent agreement with available meaf the dominant part of the PNC litude. Si h
surement$2—6]. Furthermore, we made predictions of as yet or the dominant part ot the ampliitude. since there are
0 data for matrix elements bfyc available for comparison

unmeasured atomic data in francium including energies of ; . | lculat trix el tdhaf i C
the 9 and 1@ levels, np-n’s dipole matrix elements, M francium, we also calculate matrix elementshefcin Cs

8Dy, 8P, hyperfine constants, and polarizabilities. In this YSINY the present SD code and compare them with high-

paper, we make use of the results of the SD calculations i@remspn r?S“'tS In Re[;LS]. Our matrix el_ements mPNC'n .
[7] to evaluate the §-8s PNC amplitude in Fr s, which include semiempirical corrections for triple exci-

The PNC amplitude in Fr can be represented as a sur&?tions' agree with re's.ults frofd5] to bettgr .then 0.5% for
over states: npyolhpnd 6S) transitions and to all digits quoted for

(7s|hpndnpyp) transitions.

* (8s|D|Nnp1y2){(npiahend 75) In Table I, we list zeroth-order Dirac-Hartree-Fock
Epnc= 2, E_E (DHF), all-order(SD), and scaled (SP) matrix elements of
n=2 (ST hpncin Fr. The SR, values are SD matrix elements scaled to
% include partial corrections for omitted triple excitations fol-
S (8s|hpnd NP12)(NP12 D7) 7 (1)  lowing the procedure given if7]. As we see from the table,
n=2 Eas— Enpm correlation corrections to the matrix elements hgiyc are
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TABLE I. Lowest-order(DHF) PNC matrix elements are com- TABLE Il. Evaluation of E&)c. The entries under “Energy,”
pared with all-order(SD) and scaled (SL) matrix elements in  (v|D|n), and(v|hpndIn) describe the sources used to determine
22y, Units: 10 Mije|ag(— Qw/N). energies, dipole matrix elements, and PNC matrix elements, respec-

tively. The entry SD designates single-double all-order values and
Term DHF SD SR SD,. designates scaled SD values. The entry BV designates “best

value” dipole matrix elements obtained using the experimental di-
(7p1zdhend7s) 0.6360 1.1689 1.1223 pole matrix element for the s¢7p,, transition[4], SD,. matrix
(8p12dhend7s) 0.3789 0.6449 0.6249 elements for -8py,, 75-9p1,, 85-8py,, 8s-7py, transitions
(9p1/2hpnd 7) 0.2593 0.4313 0.4191 [7], and SD matrix elements for the remaining transitions. Units:
(10py/9 hpnd 7S) 0.1918 0.3160 0.3086 10 Yile|ag(— Qw/N).
(8slhpnd 7P1/2) 0.3222 0.5348 0.5191
(85| hpnd 8P 0.1918 0.2944 0.2885 Energy (v[DlIn) (nllhendlv) Efle
(8s|hpnd 9P1s2) 0.1313 0.1967 0.1933 sD sD sD 14.93
(8s|hpnd 10p12) 0.0971 0.1441 0.1423 Expt. sb sD 1495

Expt. BV SD 14.93

very large, ranging from 45% for thes77p4, transition to E.Xpt- BV SR 14.81
30% for the &-10p, transition. Final 14.9314)

To obtainES), we substitute the single-double PNC ma-
trix elements from Table |, together with previously calcu-
lated dipole matrix elements and removal energies ff@in in the first row. We give values fdE using various com-
into Eq. (1). The resultingab initio value isEfN.=15.08 in  binations of experimental energies, scaled PNC matrix ele-
units 10 Mi|e[ag(—Qw/N). (All subsequent data for contri- ments, and “best-value” dipole matrix elements in subse-
butions to PNC amplitude are in these unitShe corre-  quent rows. The best-value matrix elements are defined here
sponding value in the DHF approximation is 13.56, so theas the experimental dipole matrix element for thee 7,
correlation correction is approximately 10%. transition [4], scaled dipole matrix elements for the

Including corrections from the Breit interaction, the value 7s-8p,,, 7s-9p;,,, 8s-8py,, 8s-7py, transitions[7], and
15.08 above is reduced tBi.=14.93. We evaluate the SD matrix elements for the other transitions. This selection
(lowest-ordey Breit correction by modifying all wave func- of best-value data is based on a comparison of the corre-
tions in Eq.(1) using sponding values for transitions in Cs with experiment and

with other high-precision theoretical calculatiof22,23.
[k)(k|B[n) Since the energies of thep9, and 1(,,, states are not yet
[n)—[n)+ gn Te—e (3 measured, we used our theoretical results for these IE7EIs
instead of experimental data.

where the summation ranges over both positive and negative There is strong cancellation between the two sums in Eq.
energy states. In the above equatiokiB|n) is the matrix (1) and betweem=7 andn=8 contributions in each sum.
element of the Breit HamiltoniaB. Only the one-body part Therefore, it is important that the data for transitions ®© 7
of the Breit operator contributes in lowest order. To calculate2nd & states be of consistent accuracy. The results obtained
the correction to the PNC amplitude, we use the substitutiotSingab initio SD matrix elements treat correlation in a sys-
(3) to calculate corrections to individual matrix elements. tématic way and are thus least effected by the cancellations.
The Breit corrections to energies in Ed) are obtained us- We believe that the calculation made using SD matrix ele-
ing the prescription given in Ref20]. The resulting Breit Ments andexperimentalenergiesESyc=14.95 is the most
correction to theb initio PNC amplitude is-0.15. A more  reliable of those listed in the table, so we use this as our
rigorous treatment of the Breit correction including contribu-theoretical value for the PNC amplitude and we use the
tions from the two-body part of the Breit Hamiltonian and spread in valueg0.14) to measure the uncertainty in the
accurate calculations of higher-order corrections is requiregheoretical value.
before Breit correction to the PNC can be accurately deter- We summarize our results for the PNC amplitudé4r
mined. In Cs, the Breit contribution was found to be veryin Table Ill. The main contributiorESyc=14.95(14) is the
small, 0.2-0.2)% in Ref.[15]. In Fr, the Breit correction final result given in Table Il. The dominant correction
was recently estimated, including both one-body and twoE{3).=0.49(10) is from excitedhp,, States wit>10. We
body contribution, and found to contribute approximately use the random-phase approximati&PA) [15] to evaluate
—1.1%[21], in harmony with the present estimate. contributions from these states. Although we have no direct
In Table I, we list results for the main ter@t of the ~ way to determine the accuracy of the RPA calculation, we
parity-nonconserving amplitude #7%r obtained using vari- assume that it is better than 20% based on comparisons with
ous combinations of energies, dipole matrix elements, an®HF calculations. Finally, we calculate the contribution of
PNC matrix elements. All entries in this table include Breit autoionizing statesn=2, . ..,6) in the DHFpproximation
corrections. These values are used to check the stability afsing lowest-order values of matrix elements and energies.
our calculation and to provide an estimate of the uncertaintySince the resulting value is very smﬂﬁ?,\),(f —0.03, more
The ab initio single-double result for the main term is listed exact treatment of this correction is not warranted.
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TABLE Ill. Contributions to the 8-8s PNC amplitude ir??¥r TABLE V. Dependence of the lowest-order PNC amplitude in
and comparison with the theory from Ref[9]. Units: 22%r on the parametersandt of the nuclear distribution in units
10" Yije|ag(— Quw/N). 10" Yile|ag(— Qw/N).

Term Value ¢ (fm) t (fm) Epne

ESRc 14.9514) 6.83 2.3 13.56
EQ) 0.4910) 6.50 2.3 13.85
ES). -0.0303) 7.00 2.3 13.42
Epnc 15.4117) 6.83 25 13.50
Ref.[9] 15.91%) 6.67 25 13.64

Our final result for the PNC amplitude if?¥r is Epye 1.5%, which is consistent with the error estimates of our
=15.41(17), where the number in parenthesis is the theoretalculation and that of Ref9].
ical uncertainty. The estimated uncertainty does not include Since, in the present unit&pyc is proportional to the

Uncertainty in the nuclear parameters. We list the result Oﬁeutron numbeN, it appears at first g|ance that the value of
another high-precision calculation of PNC amplitudé#Fr  the PNC amplitude for any isotope could be obtained from
[9] in the last row of Table IlI for comparison. _ the value forA=223, by scaling wittN. Such scaling is of

As an independent test of the accuracy of our calculation,rse only justified if the amplitude is insensitive to the
of the Fr PNC amplitude, we carried out an identical Calcu'parametersz andt in the nuclear distributiop(r). The iso-

:?‘tt'og _fothhbeI &IJS trgn5|t|on”|ntCs. The retsul'g:[hwhlch_ IS topes of Fr listed if24] can be divided into two groups with
1sted I Cable TV, 1S 1N eXCETent agreement With previous A — »07-213 andA=220-228, and the formula for the

high-precision calculationgl4,15]. ; N 13
We also investigate the dependence of the PNC amplitudglvIS radiusr ims=0.836A""+0.570 fm from[19] can be

on the parameters andt of the nuclear distributiop(r). It used to determine values af for different isotopes with

is sufficient to do so in the lowest order because this correci*€d t=2.3 fm. The maximum difference betweenfor

tion is expected to be small. In Table V, we list DHF results *2%r and any other isotopes in the grodp=220-228 is
for the main term with different values af andt. From 0.7%, leading to a 0.3% correction to the PNC amplitude.
Table V, we conclude that a 2.2% increase ieads to a 1% Such a correction is negligible at the present level of accu-
decrease in the value OEpyc; therefore, the parity- racy. Therefore, the PNC amplitude for isotopes in the group
nonconserving amplitude is sensitive to the value of nucleaf=220-228 can be obtained from the value fé#Fr by
radii. The parametermust be increased by 18% to decreasescaling with the neutron number of the isotope. Scaling from
the value ofE pyc by 1%. The parameters used in the last linethe value for ?2Fr is not justified at the present level of
of Table V are those used by Dzubaal.in [9] to calculate  accuracy for the isotopes in the grodp=207-213, since
Epncin 2ZFr. The resulting value of lowest-order PNC am- differences in radii between isotopes in this group &
plitude is 0.6% higher than our lowest-order value, listed inlead to changes in thEpyc at the 1% level. To obtain the
the first row of Table V. value for the PNC amplitude if*%r, we recalculate the total
Our final value,Epyc=15.41(17) for **¥r differs from  pNC amplitude, using parametets=6.72 fm, t=2.3 fm,
the only other high-precision calculation of PNC amp“tUdecorresponding to the valug,=5.560 fm given in(5]. The
in Fr [9] by Epnc=15.91%) by 3.1%. However, as noted yegjting final value i€ pye=14.02(15) for?'%r. The maxi-
above, 0.6% of this difference is due to the use of different, m difference betweer for 2% andc for any other
parameters in the nuclear distribution. The calculation i”isotope in the group\=207—-213 is 0.5%, leading to a neg-
Ref.[9] does not include Breit contribution, which accounts|igib|e effect onEpyc at the present level of accuracy. There-
for another 1% of the difference. The remaining difference isfore, the PNC amplitude for isotopes wigh=207—213 can

be obtained by scaling the value fét%r with the neutron

TABLE IV. Comparison of the calculation of thesé7s ampli- number. In summary, the value of any Fr isotdpethe 1%
tude in Cs with other high-precision calculations. Units: |evel of accuracy can be obtained from the valudSyc
10" Hile|ag(— Quw/N). =14.02(15) and 15.417) for 2% and 2%, respectively,
by scaling with the number of neutrons; the first value should
Epnc be used for the lighter isotopes and the second one for the
Present 0.9041) heavier ones. o _ _
Blundell et al? 0.9079) . The PNC interaction given in E@2) is obtained from the
Blundell et al® 0.9029) timelike pa_rt of the product of the vect(_)r nucleon currgpt
Dzubaet al® 0.90810) and the axial vector electron currefif; it does not depend
on the nuclear spih. The spacelike component of the prod-
aSum over state approa¢h5. uct V. andA,, leads to a nuclear spin-dependent interaction,
bMixed-parity many-body perturbation theofys]. which for the case of a single valence nucleon may be writ-
‘Mixed-parity many-body theory14]. ten
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TABLE VI. CoefficientsA(Fg,F,) for 1*3Cs and®*¥r, where  core-polarization correctiorf26]. We found that despite the
Fr andF, are final and initial total spin. fact that weak core-polarization modifies both the contribu-
tions from both spin-independent and spin-dependent terms

HiCs % by about 20%, it has a negligibléess then 0.5%effect on
Fr Fi A(Fr.F1) Fr Fi A(Fr.F1) the values of the ratié\(Fg,F,). Calculations ofA(Fg,F))
3 3 0.0286 4 4 0.0171 were carried out using a Fermi distribution fo¢r), and a
3 4 0.0477 4 5 0.0287 crude shell model; negligible differences in the results were
4 3 —0.0413 5 4 —0.0256 found. The values oA(F¢,F,) are also insensitive to the
4 4 ~0.0223 5 5 ~0.0140 parameters of the nuclear Fermi distribution: a 10% change
in the parametec or a 20% change in the parameteesults
in a 0.1% change in the values A{F,F,). Since there are
Ge  k—1/2 no comparison values available for spin-dependent PNC ef-
hfazN)c:Esza' lpy(r) (4)  fects in Fr, we also carried out similar calculations'f#iCs,

which has a single valenag,, proton. Our results for Cs are

where p,(r) is the valence nucleon density and where in precise agreement with previously published dEiIIE_].

=+ (1+1/2) for | =L+1/2, L being the orbital angular mo- The values oA(F¢,F)) for 2°Fr as well as the comparison
mentum of the valence nucleon. The spin-dependent interay@lues for*Cs are given in Table VI. The values are given
tion that arises from the electromagnetic coupling of thefor only one of the isotopes, namely?*r; corresponding
atomic electrons to the nuclear anapole monii2Btis given  values for 2°%Fr, 2YFr, and *%r are obtained by scaling

by 20%r values by 12M, whereN is the number of neutrons in
the corresponding isotope. The spin-dependent amplitude is
h@ :& K Apy(r) ®) needed to extradpyc from experimental measurements and
PNC J2 al(l+1) @ 1Pl to determine the value dk and, correspondingly, nuclear
anapole momenk, .
The two spin-dependent termd) and (5) can be treated In summary, we have presented a calculation of the
together, replacing, by K=K, —K,(xk—1/2)/x in Eq.(5).  parity-nonconserving amplitude in Fr at the 1% level of ac-
The PNC amplitude is then modified as curacy. To estimate the accuracy, we investigated the stabil-

ity of the final result by using various sets of dé&D, S,
, (6) or experimental for energies and matrix elements. As an
independent test of the accuracy, we applied our method to
, , , , 133¢cs and found excellent agreement with other high-
where Epyc is the spin-dependent PNC amplitude in the 5 oision calculations. The dependence of the PNC ampli-
unitsile[ao andF andF, are angular momenta of the final qe on the parameters of nuclear distribution was investi-
and initial atomic hyperfine levels, respectively. We calcu-,ated. Spin-dependent PNC effects were evaluated for four
late spin-dependent PNC effects for light Fr ofldsotopes J preep ; ;
light oddA isotopes. The resulting values can be used in

with A=207, 209, 211, and 213, all of which have a single ,niunction with measurements for future atomic-physics
hg/» valence protori24]. For these cases, the nuclear spin iStests of the standard model.

I=9/2, k=5, and angular momenta of the atomic hyperfine
levels areF| =4 or 5. We carried out the calculation of  This work was supported in part by National Science
A(Fg,F)) in lowest-order approximation including weak Foundation Grant No. PHY-99-70666.
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