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PHYSICAL REVIEW A 66, 042504 (2002

Lithium transition energies and isotope shifts: QED recoil corrections

Zong-Chao Yahand G. W. F. Drake
1Department of Physics, University of New Brunswick, P. O. Box 4400, Fredericton, New Brunswick, Canada E3B 5A3
°Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4
(Received 14 April 2002; published 11 October 2p02

A QED recaoil correction of orderg/M)a°mc? recently derived by Pachucki. Phys. B31, 5123(1998]
is evaluated for lithium in the ££2s2S,,,, 1s?3s2S,,,, and 15?2p 2P states, and its contribution to the isotope
shift is calculated. The new term is shown to be equivalent to the recoil term included in our previous work in
a hydrogenic approximation. Total energies are calculated for each of the states in question, including screen-
ing corrections to the Bethe logarithm estimated from the two-particle parent states. The results for the total
transition frequencies are shown to be in good agreement with experiment, but there are surprisingly large
discrepancies between theory and experiment for the isotope shift in the fine structure q8i®nfpr the
1s?2p2P state. The ionization potential ofLi is calculated to be 43 487.1520(40) ch The estimated
accuracy is about the same as the experimental value. A recent measurementlof-fiué isotope shift for
the 22P,,—22S,, transition determines the difference of the squares of the nuclear radii to be 0.84(6) fm
which is a factor of 4 more accurate than the value 0.79(23)detived from nuclear scattering data.

DOI: 10.1103/PhysRevA.66.042504 PACS nuntber31.30.Gs, 31.30.Jv, 21.10.Ft

[. INTRODUCTION electron approximation turns out to be quite accurate, the
correction is considerably smaller than the taidtg term.

High-precision spectroscopy of lithium continues to be of |, paper |, we calculated isotope shifts for thém

interest both theoretically and experimentally, especially_zzsll2 and 3S,,— 22S,, transition energies in lithium

concerning the possibility of using the isotope shift to deter"lncluding nonrelativistic and relativistic terms of orders

mine the nuclear charge radius of various lithium |sotopeso(M/M)' O(u/M)2, andO(a2u/M) a.u., and the lowest-

gzﬁobgsslﬁigrégcr:péi Ic?altglzjalta?;gl”toms?%c?g:tt r:::létl'fr)gs tiht:r? order finite nuclear size correction. The QED recoil correc-
P Y. flons of orderO(a®u/M) were also included, with the,

comparison between theory and experiment determines the> . ) S
nuclear charge radius from the residual discrepancy. Th m .estlmatedlm a one-electron gp_p-roxmatlon. The purpose
method, as originally proposed in R¢L], has been applied ©f this paper S to ev?Iuate definitively th@, term for

with success to heliurfi2] and Li* [3], and the theory for lithium in the 27S,,, 3°S,,, and Z.ZPJ states and then to
neutral lithium has been discussed previougly(referred to ~ €xamine the impact o®, on the lithium isotope shifts. The

as paper )L notations of paper | are followed.

The purpose of the present paper is to discuss the contri- The organization of the paper is as follows. In Sec. Il we
bution from a mass-dependent recoil correction to the quarsummarize the various QED contributions to the energies of
tum electrodynamic(QED) shift recently derived by Pa- lithium, and then show how th@; term is related to the
chucki[5] and calculated by Pachucki and Sapirsf&@hfor ~ hydrogenic approximation used in paper I. In this section, we
the case of helium. Their derivation of the complete expresalso make use of the two-electron Bethe logarithms that are
sion for the leading QED recoil terms of ordgr/M)a®mc?  now available for Li to estimate the screening correction to
contains a new term of the forn atomic units a.y. the Bethe logarithm for the %S,,, state. Section Ill then
presents the results for the mass-independent contributions to
the transition frequencies, as well as corrected values for the
mass-dependent terms discussed previously in paper I. This
section also discusses the comparison with experiment for
whereZ is the nuclear chargen is the electron mas#l is  hoth total transition frequencies and isotope shifts, and the
the nuclear mass, ar@, is defined by use of the results to extract relative nuclear radii from mea-

. . sured isotope shifts. The paper concludes with a discussion

Q1=(1/47-r)||mo<ri 3(€) +4m(ye tIn e)o(r)). (2 of the resullots and the reraalianing sources of uncertainty in

- Sec. IV. The values of the physical constants used are sum-
marized in Table I.

14_, ,m
AEQ]_: - ?Z MQ]_! (1)

In the above,y,, is Euler’s constante is the radius of a

sphere about; =0 excluded from the integration, and a sum-
mation overi from 1 to 3 is assumed for lithium. What is not
clear from Ref.[6] is that the contribution fromAEq, cor- Il. CALCULATIONS

responds to a well-known term in the one-electron Lamb As discussed in paper |, the nonrelativistic variational
shift, and so it is only the difference between the ex®€l,  wave functions are constructed from fully correlated basis
and the one-electron approximation used in previous worlsets in Hylleraas coordinates, and the total energy written in
[1-4] that should be added as a correction. Since the oneghe form

1050-2947/2002/6@)/0425048)/$20.00 66 042504-1 ©2002 The American Physical Society



ZONG-CHAO YAN AND G. W. F. DRAKE

TABLE I. Values of physical constants used.

Constant Value
R., 109 737.315 685 49(83) cm
@ 1/137.035 999 7&0)
I M (L) 9.121 676 23(76Xx 10 °
wIM(7Li) 7.820 202 24(56x 10 °
Rym 8Li) 2.55(4) fm
Remd"Li) 2.39(3) fm

Etot= ENrT Erert Eanomit EQED* 3

whereE R is the nonrelativistic energf,, is theO(a?) a.u.
relativistic correction from matrix elements of the Breit in-

teraction,E om is the anomalous magnetic moment correc-

tion of O(a®) a.u. for states with angular momentuim

PHYSICAL REVIEW A66, 042504 (2002

A4Za3(5(r)©

L1 3

In(Za) 2~ 2|_)+19

n(Za) "= p(n 30
(24

+(37aZ)0.76540557# —[0.404 17

3
P2 -2
4In (Za)

—(3aZ/4)21.556 83+ (Za)?

+Cgy(n?L)IN(Zax) 2

|

the mass scaling and mass polarization corrections are

+Ceo(N°L) )

{8y

M,l_w L1

>0, andEqgp represents the sum of other QED corrections
of O(«®) a.u. and higher. Each term has an expansion in
powers ofu/M, whereu/M is the ratio of the reduced elec-
tron mass to the nuclear mass. There are contributions to the
expansion from both the mass scaling of the individual

| Azau(5(r)®

3M ®

[1-AByp(n2L)],

terms, and from the mass polarization operato
(UM)Zi-ipi-p; in the nonrelativistic Hamiltonian, which

can be treated either as a perturbation, or included explicitly

in the Hamiltonian.

All terms up toEqgp in Eq. (3) are the same as tabulated
in paper | and their discussion need not be repeated he
(note that in paper I, the notation= — /M is used. How-
ever, theEqgp term must be modified in order to accommo-
date the newQ; contribution. We also take this opportunity

to include new screening and mass polarization corrections

to the Bethe logarithm. Following our previous work, terms

in the one-electron QED shift can be simply generalized t?{

the lithium case if their sole dependence on the quantu
numbersn andL has the form

3

Z
$5L,o:<5(r)>- (4)

One then simply replaces factors Bt/ (wn3) by the expec-
tation value(Z;5(r;)) for lithium to obtain the mairE, ;
term. Terms with a more complicated dependence andL
must be calculated separately, and there are addition
electron-electron contributions denotedfy, . With the no-
tation

(8(r)=(S(r)) O+ (u/M)(8(r))yP+- - ©)
the QED shift for a $°nL?L state of lithium then has the
form

Ecep=EL1tEmitEritEL2 (6)

where the main one-electron part(is atomic units through-
out)

04250

r

and the recoil correctiongincluding radiative recojl are
given by

:422a3ﬂ<5(ri)><0>

1 _2 ) 1
ZIn(Za) —ZIB(H L)—l—z

3M
re 7 3
——a(n?L)— = (7ma)1.364 49 — 7ZaDgy(n?L)
4a(n 2 . 2 50
1
+§a22|n2(za)*2 . 9

hese equations involve contributions to the hydrogenic
amb shift obtained by many authors, as summarized by
Eides et al. [7]. The quantity3(n2L)=In(ky,/Z?R.) is the
three-electron Bethe logarithm, and the two terms 1
—AByp(n?L) in Eq. (8) account for the mass scaling and
mass polarization corrections g{n L), respectively. These
terms are further discussed below. The orders of magnitude
for the other state-dependent coefficieng,(n2L),
Ceo(N2L), andDgy(n?L) are all estimated from the generic
formula

al - ~
2X(1s)+X(nL)/n®

X(1s’nL?L)=
( ) 2+ 6 o/n®

(10

whereX(nL) is the corresponding one-electron coefficient,
evaluated directly folL=0 and in a fully screened hydro-
genic approximation fot.>0 [8]. Since these terms have
been discussed before for the case of helf8i we simply
list the numerical values used in Table I, and take their
contribution to the transition energy as the uncertainty.

The crucial term connected with th@; contribution is
a(n?L) in Eq.(9). In the hydrogenic case, the corresponding

a(nL) is given by

4-2
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TABLE Il. Data to calculate the QED shift for the?3,,,, 32S,,,, and 2°P, states of lithium, and the
1S state of Li". Finite nuclear mass corrections are expressed in the ¥otX(®+ (u/M)X® for each
quantity. Units are atomic units.

Quantity 1s%2s2S 1s?3s2S 1s22p?P, 1s?1s
(8(r))©®  13.84260966(6) 13.736 509 @) 13.676 195 4013) 13.704 018 869
(8(r))M) —42.01242(3) —41.6973(3) —41.6725(24) —41.602 401
(8(ri)H @  0.54432983) 0.536 175 25) 0.532 281 45) 0.533722537
(8(rip)®  —1.550974(9)  —1.53015(4) —1.53011(10) —1.52397
© 0.021 77821) 0.015 799) 0.022 9989) 0.01423218
QW 0.0655) 0.0846) 0.079 520 0.08855
Q»  —24.5348(2) —24.3456(6) —24.23266(3) —24.287 72458
Bo 2.9739898 2.9801928 2.9822525 2.984 128 556
o —0.008 42 —0.00138 0.001 61 0.002 285
ABup 0.1104 0.1013 0.109 4 0.1096
Ce1 3.9871 3.9708 3.9647 3.9645
Ceo  —23.1910 —23.1644 —23.1512,,—23.1509,, —23.1506
Deo —-0.7274 -0.7274 -0.7279 -0.7274

®Reproduces the exa@(1s?'S)=2.982 624 555(4) for Li [10].

5 2 1 II. As an examplea(2 ?S) = —4.3930 from Eq(10), and the
a(nL)=—2(In=+ >, q 1+ TIRE: corrected value from Eq.13) is ay(22S)=—4.3476.
N a=1 n The total contribution for the 2S state of Li is
1-68., AEq,=206.0 MHz, but the correction is onlysEq,
+L(LT(2L+1)' (1)  =-2.638 MHz, and the corrections to tHei—SLi isotope
shift for the 22S, 32S, and 2°P states are 0.439, 0.397, and
SinceQ; in the hydrogenic case is given ] 0.376 MHz, respectively. Since it is the differences of these
numbers that contribute to the isotope shifts in the transition
Z3 frequences, the final corrections are of the order 0.05 MHz,
Qi=—=la(nL)+(3-2InZ)5 g (12)  as listed in Table IlI. This is the same order of magnitude as
2mn the higher order terms in E9), which were not included in
paper I.

[the extra 2 In%) 6, o term comes from th&-scaling of Inein
Eqg. (2)], it is clear that theQ; contribution is already in-
cluded in thea(nL) term for lithium in our previous one-
electron approximation, and the effectively correcte
a(n°L) term for lithium can be written in the form

The largest remaining sources of uncertainty are the Bethe
logarithmB(n2L) for lithium, and the mass polarization cor-
drection AByp(n?L). Although direct calculations for these

terms are not yet available, accurate results for the two-
electron parent stat¢40], together with the two-particle co-

20 efficients of fractional parentadél], can be used to calcu-
ac(nzL)=—1m+2|nZ—3. (13) late the leading two terms in a Z/expansion, applied
(a(ri)) separately to the numerator and denominator of the Bethe

i ) o ) logarithm ratio[12]. For example, if the Bethe logarithm is
With this substitution, Eq(9) for Er ; agrees with Eq(15)  yyritten in the formB=A/B, then the coefficients in the ex-
of Pachucki and Sapirste{i§] for their Er,. It is therefore  pansiona=A,+A,Z 1+ - - for the three-electron case are

only the difference determined by the corresponding two-particle coefficients by
2 3 the equations
SEo =— ——Frami)-ami)], (14
Q 3M c ’ Ap(1s?nL2L)=1[Ag(1s?1S)+ 2 As(1snLliL)

and not the fullAEq_given by Eq.(1), that should be added +3Aq(1snL3L)], (15
to our previous results in paper |I. __ 91 N 1

Sincer; 3(e) is logarithmically divergent, it is necessary A(1s"nL7L) =[A;(18°°S) + 2As(1snL L)
to extract the terms proportional toy{,+In €) analytically +3A,(1snL3L)] (16)

and to cancel the corresponding term in the definitio®@ef

A procedure has been developid] to evaluater; (), as  and similarly forB, andB,. The results can be expressed in
well as rij 3(e) (associated with the two-electron QED the form

terms, in Hylleraas coordinates. The numerical results for

the 22S, 32S, and 2°P; states of lithium are listed in Table B(N%L)=Bo(n%L)+In{[Z—o(n?L)]/Z}?, (17

042504-3
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TABLE Ill. Mass-dependent expansion coefficients for contributions to the lithisA34?S— 1s22s2S
and 1s?2p?P,;—1s%2s2S transition energies andsi2s?S ionization potential. Quantities are expressed in
the general formX=X©®+(u/M)X®+.... For the finite nuclear size correction, the form B,
=[C§2) +(M/M)CE%) Jr2 < with r e in units of the Bohr radius. For the?®; state, the subscript indicates

rms ) rms
the value ofd. Units are R, .

Term 32S,,,-2%Sy, 22P;-2%S,, 225, I.P.
ESR 0.123 961 902 5019) 0.067 903 791 89 0.198 146 910 987)
E( —0.133764 854(3) —0.123007 687(7) —0.211 013907 61(25)
ER 0.123 648 1(R9) —0.00395(14) 0.235 286 297)
EQY 0.000 009 518@8) 0.000 013 235 66(11), 0.000 012 809 3B)
0.000 014 758 32(1%),
EY —0.000 002 26) 0.000 0163(8)y,, —0.000 00GB(5)
0.000 0118(8)3,
EQ . —0.000 000 003 542,
0.000 000 001 77},
ESom 0.000 000 002 05(1Q),
—0.000 000 001 02(5),
EQ —0.000 000 930(6) —0.000 001 442(6), —0.000 001 237(6)
—0.000 001 442(6y,
EGL+ER) 0.000 000 9(6) —0.000 000 206(24), 0.000 000 87(23)
—0.000 000 206(24),
E) 0.000 000 048 6(1.2) 0.000 000 053 5@2) 0.000 000 062 80.2)
EXY —0.000 000 131(24) —0.000 000 122(24) —0.000 000 167(24)
cgg) —0.666 646(5) —1.0456110(9) —0.8707915(3)
cf%’ 1.980 119) 2.13615) 2.576 2319
where whereQ= 1/(477)<ri]3(e)> is defined analogously to E).
The above includes the*In « term discussed in Ref14],
5 2B(1s)+ B(nL)/n3 but not the terms of pure orde#* recently derived for théS
Bo(n“L)= 2t s I (18 states of helium by Yelkhovskyl5]. The total contribution
L,0

for the latter turns out to be quite small for the ground state
[16], and can probably be neglected at this stage relative to
other uncertainties. Tha/M corrections to the expectation
values(5(r;;)) andQ generate contributions to th.i—°Li
isotope shifts of about 0.01 MHz, as listed in the tables.

is the leading term in the Z/expansion, and
a(n?L)=—(A1Bo—A¢B1)/(2B7) (19

accounts for the next-to-leading term. The one-electron Be-
the logarithmsB(nL) are tabulated by Drake and Swainson

[13]. The 1Z expansion coefficients from Drake and Gold-  The previous section provides values for iy term

man [10]. provide the.new valuer(3°S)= —0.00138, to- that should be added to the results in paper | for the isotope
gether W'.th results of improved accuracy for the other StateSypifts of lithium, together with an estimate of the Bethe loga-
as listed in Table ”'. . ___rithm screening parameter for the 32S state. The latter

. A paralle_l calculation can be apphed to the mass pOIarlzaétllows an interesting new comparison with experiment for
tion corrections to the Bethe logarithm, except that one use

the total transition frequencies, as well as the isotope shifts.
#IM instead of 1Z as the expansion parameter. The two- Table Ill summarizes the var’ious contributions to the tran-
electron data from Drake and GoldmptD] for Z=3 vyield

. . . L sition frequencies, and to the total ionization energy of the
the coef.flleentss.,BMp.lllsted in Taple [I. The contributions to 225 state, expressed as coefficients of the parametéis
the (positive “Li—SLi isotope shifts for the 3S-22S and

> 5 - > andr,zms, wherer s is the rms nuclear charge radius. The
2°P-2°S transition frequencies are —0.018 and —0.004555-independent coefficients are now added to our previous

MHz, respectively, which is too small to be significant at tapation in Table IV of paper I, along with updated values

current levels of experimental accuracy. for the QED terms. The nonrelativistic energy coefficients

The remaining two-electron QED shift is given by and other matrix elements are as given in Tables Il and Il of

paper l(with the notation\ = — u/M).
Collecting together the various terms in Table Ill, the total
(20 isotope-dependent transition energies @meunits of 2R.,)

Ill. RESULTS

E o= A(¥na+i¥—amrin 01)(5(!’”-))—1?‘1'013 ,

042504-4
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TABLE IV. Comparison between theory and experiment for fhetransition frequencies and ionization
potential. Units are cmt.

Transition Theory Experiment Difference
22P,,—2%S,, 14 903.6477@39) 14 903.648 130(14) —0.0004(39)
22p,,-22S,, 14 903.983@®9) 14 903.983 64@.4)* —0.0005(39)
32S,,,-2%S,), 27 206.092439) 27 206.095210)° —0.0028(39)

223, I.P. 43 487.152310) 43 487.1506)° 0.002@64)

aSansonettet al.[23].
bRadziemskiet al.[26].
‘Moore[27].

f325 525=0.12397053018)—0.133 766 36)(u/M) uncertainty is the Bethe logarithm screening constants
, ) 0(22S)=—-0.00842 ando(32S)=—0.00138 (see Table
+0.1236481029) (#/M)=—0.666 6465)r;,s  |1). The corresponding contribution to the transition fre-

. _ _1 . .
+1.980 (192 (u/M), 21 quency isAE_,=0.0250(15) cm*. If the discrepancy is at-
L9 e /M) @1 tributed to o(22S), then an adjusted value of(22S)
f22p,,225=0.067 915 63618) —0.122 991 78) (/M) =—0.009 31 would bring theory and experiment into exact

agreement. However, this would spoil the agreement with the
—0.0039%14) (u/M)?—1.045611 Qg)rfms higher precision measurements for théP3—22S,,, transi-
tions, and it would increase the discrepancy for tHS2,
ionization potential to 0.0048(50) c¢m. The reason for the
32s,,,—22S,,, discrepancy is therefore not clear. On bal-
f _,25=0.067917 16418)—0.122 996 88)(u/M vz = 212 : . .
22Pgp=27%5 €18) 88)(u/M) ance, it is reasonable to say that the comparison with experi-
—0.0039%14)(u/M)2—1.045 611 09)r2, ment verifies the calculated screening constants at the
) +10% level or better, and that the calculated ionization po-
+2.13615 [ /M), (23)  tential of 43487.1520(40) cnt is probably as accurate as
the experimental determination.

+2.13615)r2 (u/M), (22

f5,25=0.198 158 54618) —0.211 013 85)(u/M)

+0.235 286 2917)(M/M )2_ 0.870791 53)rr2ms B. Fine structure splitting

Since theo uncertainty cancels for the 2P;,—22P,,,
fine structure splitting, the calculated value is more accurate
than the total energies. The result 0.335273(100) tm
agrees with  our previous value quoted as
0.33527313(39) cm* [17]. However, the much lower un-
certainty of the latter value does not include contributions

The transition frequencies and ionization potential resultfrom uncalculated terms of ordeZ &)? relative to the lowest
ing from these equations are compared with experiment irder Breit terms, such as the Douglas and Kroll terms and
Table IV for the isotope’Li. All results are well within the  second-order Breit contributions. These terms are known to
estimated uncertainties with the exception of thebe important for the case of helium fine struct{it8] at the
323,,-22S,,, transition, where the difference is level of +0.0001 cm?!, and a complete evaluation of these
—0.0028(20) cm?. By far the largest source of theoretical and other known higher-order corrections will be necessary

+2.5762319)r2, (u/M), (24)
in place of Eqs(37)—(39) of paper I.

A. Total transition frequencies

TABLE V. Comparison between theory and experiment for the fine structure splittings'lardLi
splitting isotope shif{SIS). Units are MHz.

Reference Li 22Pg,—22Py, bLi 22Pg,—22Py, SIS
Present work 10051.24(2)3% 10050.85(2) 32 0.3936)
Brog et al.[21] 10 053.2422) 10 052.7622) 0.4831)
Scherfet al. [22] 10 053.42) 10 051.6220) 1.7829)
Walls et al.[19] 10052.3711) 10053.04491) —0.67(14)
Orth et al. [20] 10 053.184598)
Recommended value 10 05812 10052.81)

8Result from paper | with additional uncertainty 6f3 MHz due to mass-independent higher-order terms not
yet calculated.

042504-5
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TABLE VI. Contributions to the’Li—°Li isotope shifts for the $22p2?P;—1s?2s2S transitions and
comparison with experiment. Units are MHz.

Contribution 2P,,—2%S 22P,,—22S
Theory
wiM 10533.501 9¢60)2 10533.501 9¢50)
(uIM)? 0.057 320) 0.057 320)
o? uIM —1.399(68) —1.006(68)
a® uIM, anom. —0.000 175 3(84) 0.000 087%4)
a® uiM, 1-e 0.0182) 0.0182)
a® M, 2-e 0.010 820 0.010 520
r2 s 1.94+0.61 1.94-0.61
r2 oM —0.000 73(11) —0.000 73(11)
Total 10534.13(7x0.61° 10534.52(7)-0.61°
Experiment
Walls et al. [19] 10534.2613)
Sansonettet al. [23] 10532.96) 10533.35)
windholz et al. [24] 10534.33) 10539.91.2)
Scherfet al.[22] 10533.1815) 10534.9815)

&The additional uncertainty from the atomic mass determinationsG£08 MHz.
PAdditional uncertainty due to the nuclear radii.

to further improve the accuracy. All one can say at present i©(a?u/M) a.u. The calculated value is 0.383 MHz for

that theory is consistent with both the recent measurement e ‘Li—CLi isotope shift (i.e., the fine structure splitting
Walls et al.[19] of 0.3353110(37) cm', and with the ear- should be larger in'Li than in SLi by 0.3936) MHz). This

lier measurement by Orth etal. [20] of provides a sensitive consistency check for experimental data,
0.3353381(19) cm?, although they do not agree with each free of theoretical uncertainties. As shown in Table V, only
other. Other less accurate measurements are tabulated B level-crossing measurement of Bretgal. [21] is consis-
Walls et al. The discrepancies are further discussed in thd€nt with the theoretical SIS. The measurements of Scherf

following section and a resolution suggested. etal. [22] and Wallset al. [1_9] differ sharply from the theo-
retical value and in opposite directions. In both cases, one

can state with considerable confidence that the fine structure
splitting must be incorrect for at least one of the two iso-

For the isotope shifts, all the mass-independent uncertairtopes. The agreement between the Bebgl. measurement
ties cancel, resulting in calculated isotope shifts that arend the single optical double resonance measurement by
much more accurate than the individual transition frequen©Orth et al. [20] for ‘Li provides further evidence that the
cies. Beginning first with the fine structure isotope shiftcorrect experimental value for the fine structure splitting is
(SI9), this comes almost entirely from just th#2) term of ~ 10053.21) MHz for “Li and 10 052.81) MHz for °Li.

The calculated Li—°Li isotope shifts for the
1s22p2P;—1s%2s2S and 1s?3s2S-1s22s2S transitions are
compared with experiment in Tables VI and VII. As dis-
cussed in paper |, the measurements of Sansateiti [ 23],

C. Isotope shifts

TABLE VII. Contributions to the’Li—°Li isotope shift for the
1523s2S-15%2s2S transition. Units are MHz.

Contribution Fs-2%s Wwindholz and Umfef[24], and Schergt al. [22] are incon-
a sistent with each other and with theory. Only in the case of
M/II\';A ) 1 i‘r’l‘lf:s::fog)ﬂ the Sansonettet al. measurement is the Sl@lerived from
("; ll)vl 019 (41) the difference in the 2P5,—22S,,, and 2%P,,,—22S,, iso-
S 19055 tope shift consistent with the theoretical value 0.388
“, #iM, 1-e —0.078(5) MHz. However, both isotope shifts are lower than theory by
@ “/2"’ 2-e 0.011 £20) 1.23) MHz. The difference is twice the additional
5 Frms 1.24-0.39 +0.61 MHz uncertainty due to the nuclear radii. The recent
Mms /M —0.000677(98) measurement by Wallet al. [19] therefore plays a particu-
Total 11454.24(5% 0.3% larly important role in confirming theory for the
King [28] 11446.1 22P,,—2%S,,, isotope shift(see Table V).
Vadlaet al. (experimenk [29] 11 43420)

D. Determination of nuclear radii

&The additional uncertainty from the atomic mass determinations is

+0.008 MHz.

®Additional uncertainty due to the nuclear radii.

As discussed in paper I, the principal motivation for a
detailed understanding of the isotope shift is to determine the
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TABLE VIII. Values of E to determineR2, . from the measured isotope shift in various transitions. Units

PHYSICAL REVIEW A 66, 042504 (2002

are MHz.
Isotopes Eg(22Py,—22S) Eg(22Py,—22S) Ef(325-229)
TLi-®Li 10532.197) 10532.587) 11 453.006)
8Li-5Lj 18 472.8612) 18 473.5%12) 20 088.1010)
OLi-SLj 24 631.1116) 24 632.0816) 26 785.0113)
10161 29575.4620) 29576.5620) 32161.9217)
L 6L 33615.1924) 33616.4%524) 36 555.1121)

nuclear radius for an arbitrary isotopgd.i relative to, say, corresponding Bethe logarithms for’Land the two-particle

SLi from an equation of the form coefficients of fractional parentage are in close agreement
with the measured total transition frequencies, indicating that
the screening correctiom(n?L) is accurate to within 10%.
This is sufficient to make the uncertainty in the isotope shifts
negligibly small (<0.005 MHz). A full calculation of Bethe
whereEj,..is the measured isotope shift f6t.i relative to  logarithms for lithium is in progress to verify the screening
6Li, and ES contains all the calculated contributions to the estimates. The largest source of uncertainty in fact comes
isotope shift with the exception of the shift due to finite from the accuracy of the Breit interaction matrix elements of
nuclear size. Slightly revised values for the quanEfyare  O(e?) a.u. and the mass polarization corrections to them
listed in Table VIII. The constanC is nearly isotope- (the termE(y in Table 1.

independent and is given by=—2.4565 MHz/fnf andC The comparison with experiment for the splitting isotope
=—1.5661 MHz/fn? for the 2%P;,-22S;, and the shift (SIS reveals surprisingly large deviations that are much
32s,,,-22S,,, isotope shifts, respectively. For example, thelarger than the estimated experimental uncertainties. Since
isotope shift of 10534.263) MHz for the 2°P,,—2°S;,,  the theoretical value of 0.398 MHz is free of QED or
transition from the measurement by Wadisal.[19] implies  nuclear size uncertainties, it provides a direct check on the
a difference in nuclear radii oerzm Li) = Rymd 6|_i) consistency of experimental data for isotope shift measure-
=—0.84+0.06 fn?, in comparison with the value-0.79  ments. Since the experimental data are not consistent with
+0.25 f? from nuclear scattering measuremefgse Ref. €ach other or with the theoretical SIS, improved measure-
[25] and Table I). The spectroscopic value is thus more ac-ments would be of considerable value in establishing that the
curate by a factor of 4. isotope shifts are sufficiently well understood for the deter-
mination of nuclear radii. Only the recent measurement of
Walls et al. [19] for the 22P,,—22S,,, isotope shift is in
good agreement with theory, but the SIS from this same mea-

The primary result of this paper is an accurate value forsurement is not. However, the difference in the nuclear radii
the AEQl QED recoil contribution to the isotope shift, squared derived from this measurement is in excellent agree-
thereby removing the largest source of uncertainty in paper Iment with nuclear scattering data, and is more accurate by a
We have shown that the new term obtained by Pachiki factor of 4. This illustrates the potential power of isotope
and calculated by Pachucki and Sapris@m was a|ready measurements in the determination of nuclear radii.
included in our previous work in a one-electron approxima-
tion, and so the correction to our previous results is corre-
spondingly reduced.

The next largest potential source of uncertainty from QED Research support by the Natural Sciences and Engineer-
corrections arises from finite mass terms associated with theag Research Council of Canada is gratefully acknowledged.
Bethe logarithmB(n?L) and the mass polarization correc- Z.C.Y. was also supported by the University of New
tion to it. However, our estimates for this term based on théBrunswick.

A _ A
meas 0

Rimd AL1) = Ripd °Li) + ———,

(25

IV. DISCUSSION
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