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Lithium isotope shifts as a measure of nuclear size
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The isotope shifts for 2P;—22S and 32S—-2 2S transition energies in lithium are calculated variationally in
Hylleraas coordinates, including nonrelativistic, relativistic, and QED terms u@(t@/M), O(u/M)?,
O(a?uIM), and O(a®u/M) atomic units, and the lowest-order finite nuclear size correction. With high-
precision isotope shift measurements, our results can potentially yield a precise determination of the nuclear
charge radius for different isotopes of lithium, and especially for the exdtic*halo” isotope. For the case
of “Li- 8Li, using the nuclear charge radii from nuclear scattering data, our calculated isotope shifts for the
22P,;,—22S, 22P4,—22S, and 32S-22S transitions are 10534.31(J6) MHz, 10534.70(6)(6) MHz,
and 114 54.31(395) MHz, respectively, where the first brackets indicate the uncertainties due to the nuclear
charge radii, and the second brackets indicate the computational uncertainties. The experimental isotope shifts
are inconsistent with each other and with theory for these transitions.

PACS numbsgs): 31.30.Gs, 31.30.Jv, 21.10.Ft

[. INTRODUCTION and reduced the uncertainties to 14 ppm for both lines. The
third recent measurements for the isotope shifts in the
The root-mean-squar@ms) radius of the nuclear charge 2°P;—-2°S transitions were done by Sansonetial. [12]
distribution is a quantity of fundamental importance in using Doppler-free frequency-modulation spectroscopy. The
nuclear physic§1]. For lithium, although the rms nuclear Precision they achieved is 30 ppm for tBy line and 21

radii of the stable specie¥.i and Li are determined at the PPm for the D, line (reduced to one standard deviation
1% level[2], for unstable®Li, °Li, and Li the rms charge Although for theD, line the value of Sansonettt al. and

radii are unknown. Among these isotopes, the study'bf the Windholzet al.revised value agree with each other, there
is of great current intere$8,4] because this isotope consists 'S & discrepancy of 160 ppm for ti, line. .

of a °Li core with a “halo” of two loosely bound neutrons One p“rp‘;s.e GOf. t.h's paper Is to report tge thezoretlcal re-
orbiting the nucleus. In addition to the traditional nuclearg%llgs _0; ztgetraLr:-SitiL(l)rEOtngetsig:’]:gs fzrr tcr:see Lf_tg Sro?/ri]c(jje a
scattering method, the nuclear charge distribution can b J i purp P

formula for the isotope shift between any two Li isotopes as

probed by a combination of atomic physics theory and €X3 function of the assumed rms nuclear radii. This is moti-

periment, provided both theory and measurement can be Cafyieq by the experimental efforts currently under way at GSI,

ried out to sufflqently high accuracy. One advantage of Sucrbarmstadt[4], to measure the Li 35-22S isotope shift

an approach is its nuclear model independence. Although thgiiy, 5 proposed accuracy of 200 kHz. The ultimate goal is to
influence of a finite nuclear charge distribution on the energyjetermine the rms radii of Li isotopes, particularly the halo
level of an atom is well knowrisee Ref[5] for a review, it nycleus?!Li, with a precision of 10% or better. The calcu-
was pointed out by Drakgg] that a high-precision measure- |ations are based on our recent advands-19 in high-
ment of an isotope shift for a chosen transition might be usegrecision variational calculations for lithium and lithiumlike
to extract the rms nuclear radius. Although the QED termsons using multiple basis sets in Hylleraas coordinates.

for light atoms are comparable in size to the nuclear size The paper is organized as follows. In Sec. Il we review
corrections, they are, to a first approximation, independent othe theoretical formulation of the problem and construction
the nuclear mass, and so they largely cancel from the calcwf basis sets in Hylleraas coordinates for the lithium atom
lated isotope shift. The significance of the method is therewave function. Finite nuclear mass effects and the mass po-
fore that the nuclear radius can be determined independentl@rization operator are taken into account up to second order
of QED uncertainties. This method was recently applied sucby perturbation theory. Especially important are relativistic
cessfully to the studies dfHe-3He[1,7] and "Li*-°Li* [8] recoil terms of orQe@ZM/M a.u., since it is the accuracy of
isotope shifts. The determined rms radii fte and 5Li* these terms that limits the accuracy of the final results. Sec-

are in good agreement with nuclear scattering data, but witHOn !ll presents results for basis sets containing up to 3502
substantially improved accuracy. terms, together with a general formula for the determination

For ®Li and ‘Li, Vadla et al. [9] measured the isotope of rms nuclear radii for any isotope of lithium relative to a
shifts of several transition lines using resonant Doppler-fre€h0Sen reference isotope. S(_ecélqn_ IV discusses the compari-
two-photon laser spectroscopy. For thds3-22S transition, ~ SON with experiment for théLl- Li isotope shifts, and Sec.
the accuracy is 0.17%. Using laser-atomic-beam spectrod/ Presents some concluding remarks.
copy, Windholz and Umfef10] measured the isotope shifts
for the 22P;—22S transitions. The precisions they obtained
are 28 ppm for th®, line (J=1/2) and 114 ppm for th®, After rescaling distances according te—~(m/u)r, the
line (J=3/2). Later, they improved their experimefitl] Hamiltonian for a three-electron atomic system is

II. THEORETICAL FORMULATION
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H=Ho+\H’, ) The lowest-order relativistic corrections ©f ) and the
spin-dependent anomalous magnetic moment corrections of
with O(®) can be written in the forni20,21] (in atomic unit$
3 3 3
1 1 1 AE o= <\If| Hrel|qf>J ) (14
5 E P-zY 4 3
2 = =2l =T

where W is a nonrelativistic wave function, artd,, is de-

and fined by

3 Hre|= Bl+ Bz+ B3e+ BSZ+ BS_ ’77(12
H’:E_ V,VJ, (3) 3
i>j
X

in units of 2R, whereRy=(1—u/M)R,., u=mM/(m

3

1+§si-sj)5(rij)+%21m221 8(ry)

+M) is the electron reduced mass, axe — w/M, which m . 4 2 W
can be treated as a perturbation parameter. The  Siclyer + iy (B2t Asy) +y| 2Bt 5Baet 3B3 +2Bs
equation
m..
HVY=EWV (4) + ymAaz. (15
can be solved perturbatively by expandiligand E accord- In Eq. (15,
ing to
2
o
V=Wt AW+ -, (5) Bi=— 5 (Vi+V3+V3), (16)
E:80+)\81+)\282+"'. (6) 3
a? 1
Thus Eq.(4) becomes Bo=% ; rJV Vit = S (i VOV, @n
ij
HOqIOZSO‘Po, (7) 3
a
(20~ Ho)W1=(H'~e) Wo. ®) Bie=7 ; 31X (§528), (19
rij
e, ande, are
e1=(WolH'[ Vo), ) =—2 TP, (19
g2=(WolH'| V1) —e1(Wo|¥y). (10
Both ¥, and ¥, were solved variationally in multiple basis Bs=a IE] { 3(S5°8) 5 (rij -§)(rij ‘S’j)lv (20)
sets in Hylleraas coordinates containing terms of the form Fij J
3
j1,d2 03 J12pd23 031 n—arg—Br r
Py Iyl e “ma s Z { p-Vi+=r-(rj-pV;|, (21
XY (411 5,, |3(r1,r2,r3) X1 (11) J
where Y M (112) 12015 is a vector-coupled product of spherical ZgzzzaZZ isrixp.si , (22)
harmonics for the three electrons to form a state of total “Hh
angular momentunt, and y; is a spin function with spin 23
angular momentum 1/2. As described previoJ4l$,18, all (1)_ 1
terms from Eq(11) are nominally included such that B3 2 2«1 r_rJ' Xpi(s—s), (23
j1+j2+j3+j12+j23+j31$ﬂ, (12) with pP=p1+P2+P3s andry is
and the convergence of the eigenvalues is studief) as o )2
progressively increased. Further details may be found in Ref. Y=o +(—0.328 47}(— (24
[18]. Since Eq.(6) is expressed in units of (#\)2R.., the m ™

explicit mass dependence Efis For doublet states, the operator 7« E,>J(1+ 3S

E=eo+N(eg+eq)+N2(s1+¢5) sj)a(r”) can be replaced bya22|>]5(r”) and the expec-
tation value of the spin-spin teriBs vanishesB; are the
+0O(N\%) in units of 2R,. (13 Breit-Pauli terms, the terms proportional to/M are the
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nuclear relativistic recoil corrections, and the terms proporin Eq. (35), v is Euler’s constante is the radius of a sphere
tional to y are the anomalous magnetic moment correctionsaboutr;; =0 excluded from the integration, and a summation
The perturbing effect of mass polarization on the expecoveri>j from 1 to 3 is assumed. Finally, the last correction

tation values of Breit operators can be obtained using to be included is that due to finite nuclear size. It is given in
lowest order by
V=Wo+\ (V—(Vy| Vo) Po)+---, (25
where the extra term-(W,| Vo)V, is added to¥; so that 2712
the first two terms of the right-hand side are orthogonal to AE. = . rms<5(r)> (36)
. nuc 3 I 1
each othef22]. Thus, for a Breit operatof, one has

(V|A|P)=ag+Nas+ -, (26)
wherer ,s= Rims/ @gonrs Rims 1S the root-mean-square radius
where of the nuclear charge distribution, aag,;, is the Bohr ra-
dius. A mass scaling factor ofu{m)3 is included in the
2= (WolA|¥o) @D definition of (5(r)).
In a nonrelativistic approximation, thee, term of Eq.
[13] is called the normal isotope shift, and the remaining
a;=2(Wo|A|W )= 2(W | W WP Al ). (29 terms e, + - - - are sometimes called the specific isotope
shift. However, this partition becomes somewhat artificial
Furthermore, due to the use pfscaled atomic units in Eq. when relativistic corrections are included because the overall
(1), the units of(V|A|P) in Eq. (26) are (u/m)"2R.,,, multiplying factor is no longer simply £\ from the finite-
where —n is the degree of homogeneity of opera®drin  mass Rydberg. ThB; term scales with mass as{2)* and
three-electron coordinate space such that the other terms in E.15] scale as (% \)°.

A(Bry,Br2,8r3) =B "A(r,rp,rs). (29

and

Using Ill. CALCULATIONS AND RESULTS

N Table | shows a convergence studysgf for 32S as the
(ﬁ) =(1+\)"~1+n\, (30) size of basis set increases progressively up to 3502 terms,
m together with comparisons with King's res{i®#5] using Hy!I-
leraas coordinates, and the result of Wangl. [26] using a
full-core-plus-correlation wave function. Our calculation im-
B o : proves theirs by factors of 1210° and 2.3<10* respec-
(W|A[T)=ap+ (nag+ay)+O(\%) in units of 2%3"1) tively. A similar convergence study for the?$ and 2P
states can be found in R€fL8]. Our results for the nonrel-

The QED corrections can be calculated according to thétivistic energies for the 2S, 2P, and 3”S are calculated

one has the explicit mass-dependent formula

formulation of McKenzie and Drakg23]: to a computational accuracy of a few parts it able II
contains the nonrelativistic energy-expansion coefficients
AEqep=AE_ 1T AE 5. (32 &4, &1, ande, for these states.
The expectation values of the Breit operators and the two-
In Eq. (32), AE_ , is given by electronQ term were evaluated for the’S, 22P;, and 3°S

states of lithium, together with the first-order finite nuclear
mass corrections according to E1). The results are pre-
sented in Table Ill, and a comparison is made with the work
of Wanget al.[26] for the 32S state. For the 2S and 2P,
wherex is the number of & electrons,F(nl;) is the one- states, a comparison with Chung’s wg&] can be found in
electron QED function defined by Johnson and Sa#], Ref.[19].
and (5(r)) denotes(})?:lé(ri»_ The two-electron QED Table IV lists the contributions to the 28—22S and
shift is 22P,-22S transition energies, from the nonrelativistic, the
lowest-order relativistic, and the lowest-order QED terms up
4 14 4 4 to /M, (u/M)2, (u/M)a?, and w/M)a?, as well as the
AE ;=a’| FIna+ o= (a(rij)— 32Q (34 contributions from the finite nuclear size. The leading
isotope-independent term is not included because it does not
where theQ term is defined by contribute to the isotope shift for the transition energies.
Combining all the coefficients gf/M, we arrive at the fol-
Q=(1/47-r)lim<ri}3(e)+47r(y+In €)a(rij)). (39 lowing formulas giving the Li isotope shifts for the?$
-0 —228, 22P,;,—22S, and 22P4,— 2 2S transitions:

XF(1sy,) +F(nlj)/n3
X+ 5|’0/n3

AEL,lz a3z <5(ri)>ls><nla (33)
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TABLE I. Convergence of the nonrelativistic energy for the?ds 2S state of lithium, in atomic units.
R(Q) is the ratio between two successive differences.

Q No. of terms go(Q) e9(Q)—eo(Q2—1) R(Q)
3 51 —7.353 807 225055
4 121 —7.354 068 196 845 —0.000 260 971 790
5 257 —7.354 095 840 826 —0.000 027 643 980 9.440
6 503 —7.354 098120924 —0.000 002 280 098 12.124
7 919 —7.354 098382175 —0.000 000 261 251 8.727
8 1590 —7.354 098 417 067 —0.000 000 034 892 7.487
9 2626 —7.354 098 420 627 —0.000 000 003 559 9.803
10 3502 —7.354 098 421 082 —0.000 000 000 455 7.821
o —7.354 098 421 149(18)
—7.354076
—7.3540988

&ing, Ref.[25].
bWanget al, Ref.[26].

fa25 p25=—0.133767 1664) (u/M)
+0.123 648 1029) (u/M)?
—0.666 646 855) r2 +1.980219) r2 (u/M),

nuclear charge radii, since the terms of orgéM, (u/M)?,
and o u/M are well established, and the QED terms of
order o u/M hardly affect the comparison. The contribu-
tion from ther2 (/M term is negligible.

Table VII contains the contributions to the isotope shift
37 for the 325-22S transition. King[25] also studied this iso-
tope shift using Hylleraas type wave functions. His result is
—0.381800 cm?. However, his value for the expectation
value of the mass polarization operator for théS3state is
only accurate to about 270 ppm, and he did not include the
relativistic recoil term of ordet?u/M. The accuracy of this
latter term is in fact the dominant source of theoretical un-
certainty.

fazp - 226=—0.1229937879) (u/M)
—0.0039%14) (u/M)?
—1.0456109689) r2
+2.13615) r2 ( u/M), (38)

f2 2p3/2_2 2g= — 0.122998 3W9) (M/M)

—0.0039514) (u/M)? Determination of nuclear radii

’ The principal motivation for this work is to provide a
—1.0456109689) rng spectroscopic means of determining nuclear radii from the
(39) observed isotope shifts. For this purpose, we take the calcu-

lated coefficients in Eq937) to (39) as correct and rewrite

in units of 2R,. . Table V summarizes the nuclear data for theth€se equations in the form

various isotopes of lithium, including the values©fM (in A A
terms of the atomic masdd ,) andR,,,¢ for the isotopes’Li R2 (ALi)=R2 ( Li)+ —meas 70
and SLi. With these values as input, Table VI lists the cal- C
culated contributions to the isotope shifts for théF3—22S

transitions. The first uncertainties are due to the uncertainties

of the rms nuclear radii, and the second uncertainties arr the nuclear radius squared of an arbitrary isotdje
from the uncertainties of the computed coefficients. Theelative to °Li. Ep,is the measured isotope shift féLi
main uncertainties of the total isotope shifts are due to theelative to °Li, and E5 contains all the calculated contribu-

+2.13615) r2 ( u/M),

(40)

TABLE II. Nonrelativistic eigenvalue coefficients,y, ¢;, and ¢, for the 1s?2s2S, 1s?3s2S, and
1s22p 2P states of lithium.

Coefficient 1s%2s2S 1s°3s?S 1s?2p 2P
€9 —7.4780603236503(71) —7.354098421149(18) —7.410156531763(42)
e, —0.301 842 783 02(25) —0.29203983410(22)  —0.246 738 887 5(70)
€, —1.499 788 67(17) —1.38594352(23) —1.558 84(14)
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TABLE lll. \=—u/M expansion coefficienta, andnay+a, in Eq. (31) of the expectation values of
the Breit operators and the two-electr@hterm for the 522s2S, 1s?3s2S, and 1s°2p ?P,, states of
lithium. Units are R, .

Operator A0 Al
1s%2s2S
B, —0.004 183 221 020(30) —0.017 006 84(50)
B, —0.000 023 196 186 8(73) —0.000 233 449 3(20)
A, —0.006 971 407 48(15) —0.023 183410 7(30)
(8(r)) 13.842 609 64(55) 42.012 42030)
(8(ryj)) 0.544 329 7831) 1.550 973 893)
Q 0.021 77821 —0.065 3(50)
1s%3s2s
B, —0.004 146 016 6(18) —0.016 852 32(40)
B, —0.000 022 893 198(20) —0.000 224 300(30)
—0.000 023 8
A, —0.006 892 527 026(74) —0.022 833 349(50)
(8(r))) 13.736 509 5@87) 41.697 2730)
(8(rij)) 0.536 175 1647) 1.530 14%40)
0.564%
Q 0.015 79496) —0.084 4(60)
By+Zma?(8(r;))I2 —0.000 698 961 3(18)
—0.000 696 8
1s°2p *Py,
B, —0.004 127 280 433 0(40) —0.016 819 160(65)
B, —0.000 021 110 238 5(48) —0.000 223 13(10)
Bse 0.000 004 014 992 209) —0.000 001 208(50)
Bs, —0.000 005 030 101 04(65) —0.000 000 053(30)
B 0.000 002 478 390(B9) 0.000 002 624 (B0)
A, —0.006 848 916 194(77) —0.022 854 3(20)
As, 0.000 001 799 1982) —0.000 006 162(50)
(8(r)) 13.676 195 4d.3) 41.672 524)
(8(ryj)) 0.532 281 415) 1.530 1110)
Q 0.022 997 89) —0.0795(20)

AVanget al, Ref.[26].

TABLE IV. Expansion coefficients ok, A2, rZ., and\r2, for the lithium 1s?3s2S-1s?2s2S and
1s%2p 2P;—1s2s 2S transition energies, whede= — u/M. The subscript indicates the value bfUnits are

2R.,.
Term Source 3s-22s 22p,-22s
A Nonrelativistic 0.133 764 851 423) 0.123 007 687 &0)
A2 Nonrelativistic 0.123 648 129) —0.003 95(14)
A Relativistic, & 0.000 002 2264) —0.000 016 34(79),
—0.000 011 75(79,
N Anomalous magneticy® —0.000 000 002 05(1Q),
0.000 000 001 0A0) 5/,
N One-electron QEDg® —0.000 000 046 0.000002 312
N Two-electron QEDp® 0.000 000 13¢14) 0.000 000 123 ®@8)
rrzms Finite nuclear size —0.666 646 3(55) —1.04561095(89)
Ar2 Finite nuclear size —1.9802(19) —2.136(15)
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TABLE V. Summary of the nuclear spirSj, lifetime (T,,,), atomic mass ), magnetic dipole and
electric quadrupole nuclear momenis, (and Q), hyperfine structure splittingHFS, in the 2 statg, rms
mass radiuR{"., and charge radiu®), for the isotopes of lithium.

Quantity 6L Li 8Li oLi 1

S 1 312 2 32 32

Ty (M9? ® ® 838(6) 178.34) 8.5914)
M, (u)° 6.01512285)  7.01600406)  8.02248675)  9.026789121)  11.043 79629)
wy (nm)° 0.8220478)  3.256426817) 1.65356018)  3.439 16) 3.667 §25)
Q (mbarn®  —0.83(8) —40.0(3) 31.15) —27.4(1.0) —31.2(4.5)
HFS (MHz)® 228.2052568) 803.504 0866L0) 382.5437) 856(16) 920(39)
R (fm)’ 2.353) 2.353) 2.382) 2.322) 3.1017)
R (fm)9 2.554) 2.393) ? ? ?
3Referencd 28].

bReferencd29]. For Li, u/M = 1[1822.888 511(43)l ,—2].

‘Referencd 30].

dSee Ref[31] for °Li, Ref. [32] for “Li, and Ref.[33] for 8Li, °Li, and *'Li.
®See Ref[34] for SLi and “Li, Ref. [35] for 8Li, and Ref.[36] for °Li and *Li.

'Referencd 37].
9Referencd 2].
tions to the isotope shift except for the nuclear size contriand a+0.12 MHz uncertainty from thé'Li atomic mass.
butions. The constar€ is given by The final uncertainty of£0.21 MHz is sufficient to deter-
27 mine R2, . for *'Li to an accuracy of-0.13 fnf. Somewhat
C=——[{(8(r))i—{8(r))] higher accuracy irR4,¢ could be obtained from the 2P,
3 —22S transitions (-0.10 fn?), but the larger linewidth
=-2.4565 MHz/fnf for 22P;—22S would pose additional experimental difficulties. With further
improvements to the theory, a better measuremeM pfor
=—-15661 MHz/fnf for 32S-22S, i would also be desirable in order to exploit fully the

o ) ) o isotope shift method of measuring the nuclear charge radius.
It depends on the transitian-f in question, but it is nearly

independent of the mass numl#erUsing the atomic masses

from Table V, the numerical values fEré are listed in Table IV. COMPARISONS WITH EXPERIMENT

VIII. In the case of!Li, the uncertainty irEy for the 32S— Our result for the $S—22S 7Li-SLi isotope shift of
22S transition is composed of & 0.18 MHz uncertainty 11 454.2938)(5) MHz lies just at the upper edge of the error
from the theoretical coefficienténainly the a?u/M term), limits for the value 1143@0) MHz measured by Vadla

TABLE VI. Contributions to the’Li- ®Li isotope shifts for the *2p 2P,—1s22s2S transitions and
comparison with experiment. Units are MHz.

Contribution 22P,,,—-22S 22P,,-22S
Theory

ulM 10533.501 8(60)2 10533.501 8(60)2

(wIM)? 0.057 320) 0.057 320

o?® uIM —1.397(66) —1.004(66)

o® u/M, anom. magnetic —0.0001753(84) 0.000 087%4)

a® u/M, one-electron 0.198 0.198

a® u/M, two-electron 0.010584) 0.0105%84)

s 1.9461) 1.9461)

r2 M —0.000 73(11) —0.000 73(11)

Total 10534.3161)(7) 10534.7061)(7)
Experiment

Sansonettet al.[12] 10532.93) 10533.32)

Windholz and Umferj10] 10534.33) 10539.91.2

Scherfet al. [11] 10533.1315) 10534.9815)

&The additional uncertainty from the atomic mass determinationsG£08 MHz.
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TABLE VII. Contributions to the’Li- 5Li isotope shift for the L B B e
15?35 2S-15%2s 2S transition. Units are MHz. Py =25
Scherf et al. [11] e
Contribution 325_2 ZS Sansonetti et al. [12] e
Theory ——
uiM 11 454.668 68@9) 2
(1IM)? —1.793 864 0(41) 2Py ~25
a2 M/M 018&53) Scherf et :aIA [11] e
3 Sansonetti et al. [12] ——
a® u/M, one electron —0.00395 Theory ! — |
o® uIM, two electron 0.011@32) T R S T
r2 1 2439) 10531 10532 10533 10534 10535
rms : .6
T s /M —0.000 677(98) Av(Li - L) (M)
Tgtal 11454.3B39)(5) FIG. 1. Comparison between theory and experiment for'the
King [25] _ 11446.1 6Li 2 2P;—22S isotope shift. For the theoretical data points, the
Vadlaet al. (experimenk [9] 1143420 inner error bars denote the computational uncertainty, and the outer

error bars include the nuclear radius uncertainty. The outer error
Bars for the two theoretical data points are directly correléseg
the tex}. Experimental error bars represent one standard deviation.

&The additional uncertainty from the atomic mass determinations i
+0.008 MHz.

et al.[9] (see Table VI). Here, the experimental precision of is determined entirely by the spin-dependent part of the
+20 MHz is not sufficient to provide a significant test of single a?u/M term in Table VI. QED and finite nuclear
theory beyond the lowest order/M term, and the uncer- volume corrections largely cancel since they are nearly the
tainty is much larger than the nuclear radius contribution. same for both states. The predicted SIS is 0(863VHz, in
However, as illustrated in Fig. 1, the interpretation of theexcellent agreement with the measured valug3).4Hz
measurements for the 2P,—22S isotope shifts is much from Sansonettét al. It may be that their SIS is more accu-
more obscure for several reasons. First, as a preliminary re¢ate than their error estimates for the full transition frequen-
mark, we have verified in parallel calculations for the cies would indicate, but that both measurements are too low
1s2p 3P;-1s2s3S, isotope shift in Li that theory and ex- by about 1.43) MHz. On the other hand, the data of Scherf
periment are in good agreement. In fact, thé Experiment et al. yield a SIS of 1.80L5) MHz, indicating that at least
determines the difference in nuclear radii to Bgnq°Li) one of their measurements is incorrect by about nine stan-
—Rymd(’Li) =0.15+0.01 fm, in close agreement with the dard deviations. It is clear that additional experimental work
value 0.16-0.05 fm from nuclear scattering data. We there-is required to resolve these discrepancies.
fore take the values fdR, s listed in Table V as correct. For
the case of neutral lithium, the two sets of measurements by
Sansonettet al.[12] and Schergt al.[11] do not agree with

each other, and of the four separate measurements, only the In this w_ork, we have o_k_)tameo! the theor_et|ca| data neces-
2 5 o sary to derive nuclear radii from isotope shift measurements
2“P5,—2°S result of Scherfet al. is in reasonable agree-

ment with theory. In Fig. 1, note that the large outer errorin neutral lithium. This work complements earlier work for

o Co .
bars on the two theoretical data points are due to the nuclezsrranSItIonS in LT [8] where theory and experiment were

radius uncertainty. These error bars are directly correlateahown to b..e |n6 good ?9.“99“?9”- and consistent W't.h the
2 nuclear radii for°Li and ‘Li derived from nuclear scattering

since a change iRy, would shift both theoretical points in o e ments. The results can be applied directly td'thie
the same direction :_;md by the same amount, as further dls"halo” isotope for which the rms nuclear charge radius is
cus:ed "; 'ihehfolll?w::lgtjhparigrarpi):]. ntal data is orovided b difficult to determine by standard methods because of its low
uzse u czec on the expenmental data 1S provided by, \ndance. The present theoretical accuracy would allow a
the 2°Py,—2°Pyy, splitting isotope shift(SIS), obtained o\ ement oR2 _ accurate to+0.13 fi?. Further im-
rms - "

from the difference between the’P;,—22S and 22P;,,— . :
2 2S isotope shifts. To the necessary accuracy, this quantit rovements to the theory WOU!O.I also require an improved
tomic mass measurement fbii in order to exploit to the
full the potential accuracy of the isotope shift method.
The comparison between theory and experiment for the
Li—SLi isotope shift in the 2P;—22S transitions is not
very satisfactory. The experiments are inconsistent with each

V. DISCUSSION

TABLE VIII. Values of Ej to determineR2, from the mea-
sured isotope shift in various transitiofsee Eq[40]). Units are

MHz.

Isotopes EA(22P,,-225) EAN(22P4p-22S) EA(325-229) other and with theory. A reso!ut'ion of these incqnsi;tencies
would be very valuable in verifying that all contributions to

7Li- 5L 10532.377) 10532.767) 11 453.076) isotope shifts in lithium have been calculated correctly and to

8Li-SLi 18 473.1812) 18473.8712)  20088.2810) sufficient accuracy.

OLi- BLi 24631.5316) 24 632.4416) 26 785.1813) Note added in proofln recent calculations for helium,

0i-85Li  29575.9720) 29577.0720) 32162.1217) Pachucki and Sapirstei38] discuss additional QED recoil

Hi-8Lj  33615.77124) 33617.0224) 36 555.3421) corrections of ordew®u/M which are not included in the

present work. Similar corrections should also be included for
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hertz. of Canada. Z.C.Y. was also supported by the National
ACKNOWLEDGMENTS Science Fom_mdation through a grant for the .Institute
for Theoretical Atomic and Molecular Physics at
We are grateful to Andreas DaGS|) for encouraging Harvard University and the Smithsonian Astrophysical Ob-
this project and communicating his proposal for thi.i servatory.

[1] D. Shiner, R. Dixson, and V. Vedantham, Phys. Rev. L&{. [19] Z.-C. Yan and G. W. F. Drake, Phys. Rev. Le#l, 774

3553(1995. (1998.

[2] C. W. de Jager, H. de Vries, and C. de Vries, At. Data Nucl.[20] A. P. Stone, Proc. Phys. Soc. Londdn, 786 (1961); 81, 868
Data Tablesl4, 479 (1974. (1963.

[3] I. Tanihata, J. Phys. G2, 157 (1996 [21] G. W. F. Drake and Z.-C. Yan, Phys. Rev.4&, 2378(1992.
\ . SR | . _[22] L. I. Schiff, Quantum Mechani¢sSrd ed.,(McGraw-Hill, New

[4] A. Dax (private communication See also http://www York, 1968.

aix.gsi.de/aserwebllithium/jahres. html. [23] D. K. McKenzie and G. W. F. Drake, Phys. Rev.44, R6973

[5] J. D. Morgan Il and J. S. Cohen, istomic, Molecular, and (1991); 48, 4803E) (1993.
Optical Physics Handbooledited by G. W. F. DrakéAIP,  [24] w. R. Johnson and G. Soff, At. Data Nucl. Data TabBs
New York, 1996. 405 (1985.

[6] G. W. F. Drake, inLong-Range Casimir Forces: Theory and [25] F. W. King, Phys. Rev. M0, 1735(1989; 43, 3285(1997).
Recent Experiments on Atomic Systeedited by F. S. Levin  [26] Z.-W. Wang, X.-W. Zhu, and K. T. Chung, Phys. Rev.44,

and D. A. Micha(Plenum, New York, 1993 6914(1992.
[7] F. Marin, F. Minardi, F. Pavone, M. Inguscio, and G. W. F. [27] K. T. Chung, Phys. Rev. Al4, 5421 (199)); Z.-W. Wang,
Drake, Z. Phys. D: At., Mol. Cluster32, 285 (1995. X.-W. Zhu, and K. T. Chung, Phys. Set7, 65 (1993.

[8] E. Riis, A. G. Sinclair, O. Poulsen, G. W. F. Drake, W. R. C [28] G. Audi, O. Persillon, J. Blachot, and A. H. Wapstra, Nucl.

. Phys. A624, 1 (1997).
Rowley, and A. P. Levick, Phys. Rev. 49, 207 (1994. .
[9] C. Vadla, A. Obrebski, and K. Niemax, Opt. Comm®8, 288 [29] G. Audi and A. H. Wapstra, Nucl. Phys. 895 409 (1995,

[30] LBNL Isotopes Project—LUNDS Universitet Nuclear Data
(198_7)' _ Dissemination Home P_age http://ie.Ibl.gov/toi.html.
[10] L. Windholz and C. Umfer, Z. Phys. D: At., Mol. Cluste?s, [31] D. Sundholm, P. PyykkoL. Laaksonen, and A. J. Sadlej,

121 (1994. Chem. Phys. Lettl12 1 (1984).

[11] W. Scherf, O. Khait, H. Jger, and L. Windholz, Z. Phys. D: [32] H.-G. Voelk and D. Fick, Nucl. Phys. &30, 475(1991).

At., Mol. Clusters36, 31 (1996. [33] E. Arnold, J. Bonn, A. Klein, R. Neugart, M. Neuroth, E. W.
[12] C. J. Sansonetti, B. Richou, R. Engleman, Jr., and L. J. Radzi-  Otten, P. Lievens, H. Reich, W. Widdra, and ISOLDE Col-

emski, Phys. Rev. &2, 2682(1995. laboration, Phys. Lett. 281, 16 (1992.

[13] Z.-C. Yan and G. W. F. Drake, Phys. Rev.58, 3711(1995. [34] A. Beckmann, K. D. B&klen, and D. Elke, Z. Phy70, 173
[14] G. W. F. Drake and Z.-C. Yan, Phys. Rev.5%&, 3681(1995. (1974.
[15] Z.-C. Yan and G. W. F. Drake, Phys. Rev. 32, R4316 [35] R. Neugart, Z. Phys261, 237 (1973.

(1995. [36] E. Arnold, J. Bonn, R. Gegenwart, W. Neu, R. Neugart, E.-W.
[16] Z.-C. Yan and G. W. F. Drake, J. Phys.3, 4723(1997). Otten, G. Ulm, K. Wendt, and ISOLDE Collaboration, Phys.
[17] Z.-C. Yan and G. W. F. Drake, Phys. Rev. Let9, 1646 Lett. B 281, 16 (1992.

(1997. [37] I. Tanihata, Phys. Lett. B06, 592 (1988.

[18] Z.-C. Yan, M. Tambasco, and G. W. F. Drake, Phys. Rev. A[38] K. Pachucki and J. Sapirstein, J. Physit®be published see

57, 1652(1998. also K. Pachucki, J. Phys. 81, 5123(1998.

022504-8



