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A systematic calculation of the hyperfine structure dfP2levels of heliumlike ions is presented. Reduced
matrix elements of the magnetic-dipole hyperfine operator between substates df*thetates are evaluated
using relativistic configuration-interaction wave functions that account for both Coulomb and Breit interac-
tions. These matrix elements, together with the energy intervAlE,;,=E(2°3P,)—E(2°3Py),
AE,=E(2°%P,)—E(2°%P,), andAE4=E(2'P,)—E(2°3P,), are tabulated for ions with nuclear charges in
the rangeZz=2-100. ForZ=2, the matrix elements are in close agreement with precise nonrelativistic varia-
tional calculations, but a& increases from 2 to 10, the present values deviate smoothly from the variational
values owing to relativistic corrections. Applications are given to determine the hyperfine structtiie,of
670+, °Be?™, and %" . Hyperfine quenching rates of*P, states are calculated using a radiation-damping
formalism for all stable isotopes in the range=6—92. Quenching rates of°P, states are also calculated for
selected ions. FaZ =9-29, the 2P, quenching rates are in good agreement with relativis#cchlculations.

For Z>40, the diagonal hyperfine matrix elements disagree in sign with previously published multiconfigu-
ration Dirac-Fock values. In view of these differences, the present matrix elements are used to reevaluate the
fine-structure intervald E,, inferred from hyperfine quenching experiments for the ion&®Ni Ag**", and

Gd*?*. [S1050-294®7)06604-3

PACS numbdss): 31.30.Gs, 31.30.Jv, 31.15.Ar

[. INTRODUCTION and nonrelativistic calculations of dipole transition ampli-
tudes were found in Ref6]. We compare the present calcu-

The hyperfine structure of 3P levels of heliumlike ions lations with the measured hyperfine structure fete [7,8],
has been a subject of experimental and theoretical interest in’Li © [9,10], °Be?* [11], and *°F’* [12]. In each of these
atomic physics for more than thirty years. On the theoreticatases, the present calculations agree with the measurements
side, approximate methods based on product wave functiorat the level of experimental accuracy. FoiLi *, the present
for evaluating the 2P hyperfine patterns were introduced by calculations are also in close agreement with the coupled-
Lurio, Mandel, and Novi¢1]. For neutral helium, these cal- cluster calculations of Jette, Lee, and Da8].
culations were superseded by the variational calculations of The hyperfine interaction induces smalt%P; admix-
Hambro[2], which were later extended to heliumlike ions tures into the 2P, wave function. ForbiddeE1 transitions
with nuclear charges in the range=2—10 by Aashamar and from the 2P, state to the 1S, ground state thereby be-
Hambro[3]. In the present paper, we extend these calculacome allowed, leading to a decrease in the lifetime of the
tions to the entire range of nuclear char@es2-100 using 2 3P, state. The resulting reduction in lifetime is referred to
relativistic configuration-interaction(Cl) wave functions as “hyperfine quenching.” The hyperfine quenching rate is
[4,5] to evaluate the matrix elements of the magnetic-dipolesensitive to the fine-structure intervAE;,. Consequently,
hyperfine operator between substates 6fR states. In ad- measurements of quenching rates can be used to infer values
dition, we present values of the fine-structure intervalsof AE,,, as has been shown by Indelicagbal. [14]. We
AE,<=E(23P,)—E(23Py), AE,=E(23P,)—E(23Py), examine the hyperfine quenching ofR, states here, and
andAEg=E(2'P;)—E(23Py), which are needed to obtain carry out calculations of the quenched lifetimes for all stable
hyperfine energy matrices for the’R levels. With the data isotopes in the rang&=6-92. We also examine hyperfine
given here, accurate theoretical values of the hyperfine strugiuenching of 2P, states and give decay rates for ions for
ture of 23P levels can be obtained for any ion in the rangewhich hyperfine quenching decreases the unperturbed life-
Z=2-100. times by more than 5%.

The hyperfine matrix elements determined here agree well Two methods have been used in the literature to evaluate
with the variational calculations of Ref$2] and [3] for these quenching rates. For I&vions where the radiative
Z=2, but disagree by a few percent with the correspondindevel widths are small compared to the separation between
values from Ref[3] at Z=10. These differences are a con- levels, a perturbative method has been used. In this ap-
sequence of the increasing importance of relativistic effectproach, the hyperfine structure is determined first, and radia-
with increasingZ. Similar differences between relativistic tive transitions are then calculated as perturbations. This
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method was used by Molit5] and by Aboussalet al.[16] A. Energy eigenvalue equation

to evaluate 2P, quenching rates. In these la#<alcula- We letH=Hy+ H;, whereH, is the electronic Hamil-
tions, it is essential to include contributions from both ionjan andH,, is the hyperfine interaction operator, which is
23P, and 2'P; states, as radiative transition amplitudesyritten as
from these two states contributeherentlyto the quenching

rates. For ions wittz>40 where the radiative linewidth of

the 23P, level is comparable to the energy separation

AE,q, the perturbative approach is no longer valid. To treat

quenching for such cases, a nonperturbative approach basgflthis expression7(?) operates on electronic coordinates,
on the multiconfiguration Dirac-FockMCDF) calculation  whijle M) operates on nuclear coordinates. We restrict our
was introduced by Indelicato, Parente, and Malffligl. In  attention to four atomic states®®,, ,and 2'P,. They are
this second approach, diagonal elements of the hyperfine egesignated byyJM,), wherey=1 for the singlet state and
ergy matrix were modified to include imaginary terms aris-y:3 for the triplet states. The symb®l; designates the
ing from the radiative half-widths of the associated fine-magneﬁC guantum number of the atomic states. We expand

structure levels. However, calculations carried out using thighe hyperfine statéEM¢) as a product of the nuclear state
approach do not reduce precisely to perturbation theory ifjm,) and atomic statesyJM)

the limit of narrow line widths at lowZ, since the coherence
of the interfering 2P, and 2°P; amplitudes is lost.

In the present paper, we adopt a formalism based ofFMg)= >, CEJ(IM, MG [FMe)|IM )] yIM,), (2.2
radiation-damping theory to treat hyperfine quenching. This v
formalism treats the radiation field on an equal footing with
the hyperfine interaction, and is valid regardless of the sizavhere the weight coefficients?; are to be determined. The
of the radiative level widths. In particular, it reduces properlySchralinger equation becomes
to perturbation theoryincluding interference between tran-
sition amplitudeswhen the level widths are small, and to the
nonperturbative MCDF approadi7] when coherence be-
tween amplitudes is not important. In the rare9-29, we
compare the present values otR, quenching rates with the X[IM )| yIM;)
1/Z expansion predictions of Moli5], and with the multi-
configuration Hartree-FockMCHF) calculations of Abous- =We[FMg), 2.3
sad et al. [16]. For Z>40, the present rates are compared )
with the MCDF calculations of Indelicatet al. [17). Our ~ WhereE,, is the unperturbed energy of the StateIM,).
hyperfine energy matrix elements disagree in sign @nd From this e_quaﬂon, it follows thaC’, satisfies the eigen-
many casesmagnitude with values from Refl7]. Such Vvalue equation
differences lead to changes in predicted lifetimes ranging
from 0 to 100%. In view of these differences, we reevaluate F E
the fine-structure interval for NF* using the experimental WeCyo= %, Woayra
lifetime data obtained in Ref18], for Ag*®* using the data 7
from Ref.[19], and for GP*" using the data from Ref14]. | 1010
In each case, we find small differences with the original ex-
perimental determinations &E,. I 3 F

In the following section, we set up the equations needed F - _ 4\ +I+F

X . . . W J,y'J’ EyJéyy’éJJ’+( l) | ' ]

to evaluate the hyperfine energy shifts and quenching rates in [ Jo1 1
terms of relativistic CI wave functions. In Sec. Ill, we A
present our results and compare them to other calculations XT3 M. (2.5
and to existing experimental data.

th=§ (—D)*MEBTE. (2.0

(Ho+ th)|FMF>:ZJ C';J<IMI JM;|FME)(E 3+ Hpy)
e

Cliy 24

We make use of the fact that

Il. THEORY

21+ D1+ 1)
Since the 2P hyperfine structure is dominated by the (MDY= \/|—<II | M

magnetic-dipole interaction, we give the expressions needed

to evaluate the hyperfine energy matrix for tHe; multiplet (21+1)(1+1)

in terms of reduced matrix elements of the magnetic-dipole i VR (2.6)
hyperfine operator. We have carried out calculations includ-

ing the electric-quadrupole hyperfine interaction and found

that the quadrupole contributions are negligible throughout . ) )
the isoelectronic sequence. In the following paragraphs, w¥/herews =gl uy is the nuclear magnetic moment, to obtain
describe the evaluation of the hyperfine magnetic-dipole ma-

trix elements using Cl wave functions and determine the
corresponding hyperfine energy matrix for two-electron ions. MDY =VI+DI(1+1)g,mn - (2.7
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B. Electronic matrix elements

The Cl wave function for an atomic stat&M) of a two-
electron ion is given as

\PJM:; Cijq)ij' (28)

where the quantities;; are configuration-weight coefficients
and where the configuration-state vectérg are definedin
second-quantized fornby

q)ij:nijn% <jimi1jjmj|‘]M>aiTaH0>' 2.9
im

Here, 7;; is a normalization factor

(y' 3|7V y3y= W”“']mzn rs MmCid ' Chn

r<s
. 1 J Y
F(=1)ietintte
Is Jr In
+(_1)jr+jn+\]'+l{_1
J

r JS n

where ¢ and c{’'?" are the weight coefficients of the

initial and final states, respectively. In this equation and late

we use the notatiopJ]=2J+1. To derive Eq.2.10, the

operator’]’il) is expressed in terms of the one-electron hy-

perfine operatot{") by

TV=2 (M)l (2.1
The one-electron operatof{”) is, in turn, given by
el iV2[a-C(r)
() -— Ao DEe O],

4meg cr
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){(_1)]r+js+J+l[.
.3

]<lf||t(1)||ﬂ>5ms+(—1)J “[. i

J
j ](Sllt(”|n>5mr],

11

12,

The quantities;; , ®;;, andy;; are independent of the mag-
netic quantum numbers; andm; . Therefore, each of these
quantities is characterized by the four quantum numbers
(ni, i, nj, ;). To construct a wave function of even or
odd parity, one must required the sl |; to be either even

or odd, respectively. Configuration weights for the=2
states of heliumlike ions, based on the relativistic no-pair
Hamiltonian (including both Coulomb and Breit interac-
tions), were obtained in Refg4,5] using the relativistic ClI
method. We use these weight coefficients in the present
work. The reduced matrix element of the magnetic-dipole
hyperfine operator is given by

i 7]

7= i=j.

J/
j ](rllt“)llm>5ns
m

JS r

!

](S”t(l)”m>5nr

Jr S Jm

(2.10

one readily obtains the dipole matrix elements. In Table |,

fwe present the Cl values of the four reduced matrix

elements (y'J'[|7]y3)=(31|7™|30), (31]|7)31),
(31| 7M)|32), and (32|7]|32) for heliumlike ions with
Z=2-100. The matrix elemen{81||7}|32) are particu-
larly sensitive to the Breit interaction and change by as much
as a factor of 2 over the range considered when the Breit
interaction is omitted from the CI wave function. In Table I,
we present values of the four matrix elements
(11)7W[30), (17)7V31), (11)7V|32), and
(11 7] 11), also in the rang&=2-100. Finally, the three
fine-structure intervald E;q, AE,y, andAE; are presented

in Table Ill. ForZ=2 and 3, the values diE; and AE,

are taken from Refs[7] and [9], respectively, while for
Z=2-6, the values oAEg, are from Drakg22]. Remaining

where C{Q) is a normalized magnetic vector spherical har-values of the three intervals are from relativistic Cl calcula-
monic[20]. Explicit formulas for reduced matrix elements of tions that include QED and mass-polarization corrections.

t()(r) are given in Ref[21]. Dimensionally, the magnetic
hyperfine interaction energy is given by

el fejn 1

T 4meg 2Mpcal 2MC

[W] a.u=1.98713% 10 % a.u.

=0.4361249 cm 1=13074.70 MHz.

These energies were compared with other precise calcula-
tions and with experiment in Ref§4,5]. Similar compari-
sons for the matrix elements will be given in Sec. Il A.

C. Radiative decay of hyperfine levels

As mentioned in the Introduction, two approaches have
been used to treat the radiative decay of hyperfine levels. The

In the following, we express the nuclear magnetic moment irfirst of these is the perturbative approach used in Héfs).

units of uy and evaluate(xl)(r) in atomic units. The result-
ing hyperfine energies will then be in the units above.

and[16] in which the hyperfine levels are first determined by
diagonalizing the hyperfine energy matrix, and the radiation

Using the expansion coefficients from the relativistic field is then considered as a perturbation that induces transi-

Cl calculations of Refs.[4,5] in the above formulas,

tions between the hyperfine levels and lower-energy states.
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TABLE I. Reduced matrix elementsyd| 7|y’ J’) of the dipole hyperfine operator betweenf states (/=3) for heliumlike ions.
Numbers in brackets represent powers of 10.

z (3179)30) (317V|31) (317W32) (32|7V[32) Z (31TV[30) (31TW|31) (31TW[32) (32|7V[32)

2 1.0780—1] 9.5594—2] 1.211§—1] 2.119T-1] 53  3.00803] 4.63533] 1.77132] 5.07843]
3 35006-1] 3.2659—1] 4.0583—1] 7.1702—1] 54  3.211{3] 4.95133] 1.74072] 5.42093]
4 8.4749-1] 7.833§—1] 9.5962—1]  1.70740] 55  3.42663] 5.28663] 1.709%2] 5.78443]
5 1.65390] 1.54730] 1.87130] 3.34850] 56  3.65283] 5.63893] 1.67522] 6.16613]
6 2.86060] 2.70450] 3.22630] 5.80640] 57  3.89143] 6.01063] 1.63962] 6.56883]
7 4.55280] 4.34960] 5.10680] 9.24860] 58  4.14263] 6.40233] 1.60192] 6.99293]
8 6.81870] 6.58760] 7.58850] 1.38441] 59  4.40783] 6.81513] 1.56242] 7.43983]
9 9.75130] 9.53840] 1.07391] 1.97621] 60  4.68503] 7.24993] 1.52282] 7.91023]
10 1.34491] 1.33401] 1.46151] 2.71761] 61  4.97843] 7.70673] 1.47902] 8.40433]
11 1.80191] 1.81541] 1.92621] 3.62631] 62  5.28583] 8.18663] 1.43292] 8.92303]
12 2.35721] 2.41641] 2.47031] 4.71971] 63  5.61043] 8.695(3] 1.38542] 9.47233]
13 3.02301] 3.15861] 3.09491] 6.01621] 64  5.949%3] 9.22613] 1.33492] 1.00464]
14 3.812{1] 4.06621] 3.79831] 7.53361] 65  6.31093] 9.79193] 1.28352] 1.06574]
15  4.73881] 5.16651] 4.57641] 9.29081] 66 6.68943] 1.03854] 1.22952] 1.12974]
16  5.81611] 6.49001] 5.42281] 1.13072] 67 7.08383] 1.10044] 1.17212] 1.19644]
17 7.06061] 8.06871] 6.32831] 1.36012] 68 7.50613] 1.16684] 1.11442] 1.26794]
18  8.48721] 9.93671] 7.28141] 1.61932] 69 7.94613] 1.23594] 1.053%2] 1.34244]
19 1.01182] 1.21302] 8.26971] 1.910%2] 70  8.40413] 1.30814] 9.88571] 1.42004]
20 1.19592] 1.46802] 9.27531] 2.23552] 71 8.89663] 1.38564] 9.23351] 1.50334]
21 1.40202] 1.76212] 1.02852] 2.59662] 72 9.40273] 1.46564] 8.53451] 1.58924]
22 1.63392] 2.09822] 1.12812] 2.99602] 73 9.94993] 1.55174] 7.83091] 1.68184]
23 1.89042] 2.47912] 1.22512] 3.43612] 74 1.05074] 1.64004] 7.07371] 1.77644]
24 2.17492] 2.90712] 1.318¢2] 3.91902] 75  1.111$4] 1.73624] 6.31701] 1.879%4]
25  2.48772) 3.38392] 1.40552] 4.44692] 76 1.173¢4] 1.83484] 5.50571] 1.98504]
26 2.83072] 3.91172] 1.48712] 5.02272] 77 1.2404] 1.94124] 4.684721] 2.09904]
27 3.20482] 4.49172] 1.56202] 5.64882] 78 1.309¢4] 2.05074] 3.81071] 2.21604]
28 3.61202] 5.12612] 1.63022] 6.32862] 79 1.3844] 2.169%4] 2.92591] 2.34294]
29 4.05202] 5.81442] 1.69082] 7.06212] 80  1.46004] 2.29054] 1.97961] 2.47204]
30 4.52792] 6.56022] 1.74462] 7.855(2] 81 1.54344] 2.42334] 1.02801] 2.61374]
31 5.04062] 7.36392] 1.79152] 8.70942] 82 1.62774] 2.558%4]  1.2209-1]  2.75754]

32  5.59172] 8.22852] 1.83192] 9.62772] 83 1.72014] 2.70624]  —1.01741]  2.91474]
33 6.18342] 9.15662] 1.86642] 1.06143] 84  1.813¢4] 2.85724]  —2.10911]  3.07504]
34 6.81662] 1.01493] 1.89512] 1.16713] 85 1.91654] 3.02184]  —3.22191]  3.24994]
35  7.49502] 1.12113] 1.918§2] 1.28043] 86  2.018¢4] 3.18764]  —4.40621]  3.42544]
36 8.21792] 1.23423] 1.93732] 1.40123] 87 2.134%4] 3.373¢4]  —5.60091]  3.622¢4]
37 8.98992] 1.35493] 1.95162] 1.53043] 88  2.24944] 3.56014] —6.87911]  3.81964]
38 9.812§2] 1.48333] 1.96182] 1.66813] 89  2.37874] 3.76904] —8.17041]  4.04064]
39 1.06883] 1.61993] 1.96832] 1.81493] 90  2.50204] 3.97134]  —9.55871]  4.25334]
40 1.16193] 1.76483] 1.97112] 1.97083] 91  2.65114] 4.212%4]  —1.09342]  4.508(4]
41 1.26063] 1.91863] 1.97062] 2.13653] 92 2.79144] 4.44334]  —1.24192]  4.75024]
42 1.36593] 2.08143] 1.966§2] 2.31213] 93  2.9544] 4.70934] -1.39212]  5.030%4]
43 1.47653] 2.25443] 1.96082] 2.49913] 94  3.11074] 4.96794]  —1.55202]  5.30034]
44 1.59413] 2.43733] 1.95172] 2.69643] 95  3.294(4] 5.26834]  —1.71462]  5.61584]
45 1.71883] 2.63113] 1.94032] 2.90653] 96  3.46984] 5.56134]  —1.88692]  5.92104]
46 1.85073] 2.83623] 1.92662] 3.12853] 97  3.675M4] 5.90034]  —2.06302]  6.27574]
47 1.99043] 3.05323] 1.91082] 3.36353] 98  3.871§4] 6.23014]  —2.24892]  6.61804]
48 2.137%3] 3.28193] 1.89232] 3.61143] 99  4.10114] 6.61104] —2.43992]  7.01504]
49  2.29363] 3.52443] 1.872%2] 3.87413] 100  4.321p4] 6.98404]  —2.64032]  7.40044]

50 2.45803] 3.78003] 1.84992] 4.15123]
51 2.63153] 4.04963] 1.8255%2] 4.44363]
52 2.81383] 4.33333] 1.79862] 4.75103]
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TABLE II. Reduced matrix elementsyJd| 7Y|y'J’) of the dipole hyperfine operator between substates of fti, Ztate (y=1) and
23p, states (=3) for heliumlike ions. Numbers in brackets represent powers of 10.

z 11730y (11|7V(31) (11 7VY32) (11TV[11) z (117V[30) (11|7TP[31) (11TV|32) (11| TV|11)
2  —7.6578-2] —1.3371-1] 1.7214-1] 6.0871—4] 52 —1.48512] —3.026Q2] 4.625%3] —2.00243]
3  —25691—-1] —4.5289—1] 5.8134—1] 4.847§—3] 53 —1.49232] —3.02392] 4.94573] —2.14313]
4 -6.0721-1] -1.07770] 1.3818§0] 1.5366—2] 54 —1.49872] —3.01932] 5.28073] —2.29023]
5  —1.18290] —2.11010] 2.70690] 3.210—2] 55 —1.50562] —3.01472] 5.63633] —2.44633]
6  —2.03730] —3.65080] 4.69260] 5.0184—2] 56 —151272] —3.00842] 6.00973] —2.610%3]
7  —3.22190] —5.79870] 7.47930] 5.7483—2] 57 —151892] —3.00142] 6.40393] —2.78313]
8  —4.78410] —8.64900] 1.12131] 3.1530-2] 58 —1525%2] —2.993%2] 6.81903] —2.96543]
9  -6.76660] —1.22971] 1.60461] -6.3806—2] 59 —1.53232] —2.98482] 7.25663] —3.15743]
10 -9.20570] —1.68131] 2.21411] -2.8219-1] 60 —1.53932] —2.97532] 7.71733] —3.359643]
11  —1.21301] —2.22861] 2.96741] -6.9700—1] 61 —1.54602] —2.96432] 8.20133] —3.57203]
12 —1.55561] —2.87701] 3.88241] —1.40810] 62 —1.55272] —2.95232] 8.709%3]  —3.795(3]
13  —1.94971] —3.63171] 4.97961] —2.54060] 63 —1.56012] —2.94052] 9.248Q3] —4.03143]
14 —2.39271] —4.49371] 6.27941] —4.24830] 64 —1.56702] —2.92652] 9.81013] —4.27813]
15 —2.884{1] —5.46261] 7.80461] —6.71310] 65 —1.57502] —2.91372] 1.04094] —4.54123]
16 —3.41951] —6.53621] 9.57901] —1.01431] 66 —158292] —2.89942] 1.10374] —4.81693]
17 —3.99341] —7.70661] 1.16272] —1.47671] 67 —1.59032] —2.88292] 1.16914] —5.10423]
18 —4.59911] —8.96371] 1.39732] —2.08271] 68 —1.59932] —2.86832] 1.23944] —5.41273]
19 —5.228§1] —1.02932] 1.66462] —2.85711] 69 —1.60792] —2.85132] 1.312%4] —5.73413]
20 —5.87291] —1.16732] 1.966§2] —3.82331] 70 -1.61582] —2.83212] 1.38874] —6.06913]
21 —6.52201] —1.30932] 2.30652] —5.00351] 71  —1.62572] —2.81492] 1.47064] —6.42933]
22 —7.16691] —1.45212] 2.68632] —6.41671] 72 —1.63422] —2.793$2] 1.55504] —6.80023]
23 —7.79841] —1.59412] 3.108%2] —8.07891] 73 —1.64472] —2.77512] 1.646Q04] —7.20073]
24 —8.40961] —1.73302] 3.57542] —1.00022] 74 —1.653¢2] —2.75162] 1.73914] —7.60993]
25 —8.99171] —1.86672] 4.08872] —1.21922] 75 —1.66502] —2.73162] 1.84064] —8.05693]
26 —9.5415%1] —1.99392] 4.65132]  —1.46562] 76 —1.67482] —2.70682] 1.94444] —8.513§3]
27 —1.00552] —2.11332] 5.26492] —1.73972] 77 —1.68662] —2.68412] 2.05664] —9.00793]
28 —1.05312] —2.22442] 5.93272] —2.042(2] 78 —1.69722] —2.65712] 2.17184] —9.51563]
29 —1.09662] —2.32572] 6.65422] —2.37152] 79 —1.70992] —2.63252] 2.29694] —1.00674]
30 -1.13642] —2.41832] 7.43462] —2.7295%2] 80 —1.72082] —2.60242] 2.42404] —1.06274]
31 -1.173%2] —2.503%2] 8.27542] —3.11522] 81 —1.73452] —2.57582] 2.56384] —1.12434]
32 -1.20672] —2.57832] 9.179¢2] —3.53042] 82 —1.74632] —2.54352] 2.705%54] —1.18684]
33 —1.23572] —2.64492] 1.015Q03] —3.97562] 83 —1.760%2] —2.513%2] 2.86074] —1.25534]
34 -1.26232] —2.70372] 1.118§3] —4.45072] 84 —1.77332] —2.47892] 3.018$4] —1.32514]
35 —1.28642] —2.75592] 1.23013] —4.958(2] 85 —1.78872] —2.44602] 3.191%4]  —1.40144]
36 —1.30792] —2.80132] 1.34873] —5.49692] 86 —1.80112] —2.40642] 3.36474] —1.47784]
37  —1.32742] —2.84102] 1.47543] —6.07042] 87 —1.81732] —2.37132] 3.559¢4] —1.56404]
38 —1.34502] —2.87572] 1.610%3] —6.67952] 88 —1.83142] —2.32942] 3.75424] —1.64994]
39 -1.36112] —2.90562] 1.75423] —7.32562] 89 —1.84842] —2.29052] 3.97274] —1.74664]
40 —1.375%2] —2.93132] 1.907¢3] —8.01002] 90 —1.86212] —2.24232] 4.18294] —1.83944]
41 -1.38872] —2.95282] 2.06923] —8.73462] 91 —1.88132] —2.20102] 4.435Q04] —1.95114]
42 —1.400%2] —2.97062] 2.24103] —9.50022] 92 —1.89662] —2.15012] 4.674%54] —2.05704]
43  —1.41172] —2.98632] 2.42393] —1.03133] 93 —1.91572] —2.10232] 4.95174] —2.17984]
44  —1.42192] —2.99842] 2.61723] —1.11713] 94 —1.93202] —2.04662] 5.21924] —2.29814]
45 —1.43142] —3.008%2] 2.82223] —1.20793] 95 —1.95202] —1.99332] 5.53164] —2.43654]
46 —1.44042] —3.01642] 3.03933] —1.30393] 96 —1.969%2] —1.93292] 5.833§4] —2.57044]
47 —1.44892] —3.02242] 3.26913] —1.40533] 97 —1.99042] —1.87332] 6.185%54] —2.72634]
48 —1.45662] —3.02602] 3.51133] —1.51213] 98 —2.00892] —1.80692] 6.52474] —2.87664]
49 —1.46442] —3.02872] 3.76823] —1.62533] 99 —2.03032] —1.74002] 6.91844] —3.05134]
50 —1.47172] —3.02952] 4.03913]  —1.74453] 100 —2.05032] —1.66742] 7.300%4] —3.22074]

51 —1.47862] —3.02872] 4.32493] —1.87023]
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TABLE Ill. Energy intervalsAE;g=E(2°3P,)—E(2°3P,), AE,0=E(23P,)—E(2°%Py), and AEg=E(2P,)—E(2°3P) in a.u. from
the CI calculations of Ref4,5], including QED and mass polarization corrections. Numbers in brackets represent powers of 10.

z AEq, AEy AEq z AEq, AEy AEg

2 —4.5013 - 6] — 4.8495 — 6] 9.3284-3] 52 —1.5466 —1] 1.19301] 1.318%1]
3 —2.3663 5] —1.4137-5] 3.4367-2] 53 —1.8567—1] 1.29571] 1.42381]
4 —5.2600 - 5] 1.5000 — 5] 6.4196-2] 54 ~2.1880 — 1] 1.40421] 1.53561]
5 —7.3900 - 5] 1.6620 — 4] 9.5874-2] 55 —2.5413 1] 1.52031] 1.65451]
6 —5.6900 — 5] 5.6190 — 4] 1.2854—1] 56 ~2.9171—1] 1.64391] 1.78101]
7 3.9800— 5] 1.3657 3] 1.6186—1] 57 ~3.3161—1] 1.77521] 1.91531]
8 2.6780—4] 2.7812 3] 1.9587—-1] 58 ~3.7391 - 1] 1.91481] 2.05781]
9 6.8930 4] 5.053§ — 3] 2.3042-1] 59 —4.1870—1] 2.06291] 2.20891]
10 1.3700- 3] 8.4690 — 3] 2.658§—1] 60 —4.6604 — 1] 2.22011] 2.36911]
11 2.3830- 3] 1.3351—2] 3.0231-1] 61 ~5.1600 — 1] 2.38651] 2.53881]
12 3.7960— 3] 2.0072-2] 3.4003-1] 62 ~5.6867 — 1] 2.56281] 2.71831]
13 5.6820— 3] 2.9041-2] 3.792—-1] 63 ~6.2413 1] 2.74971] 2.90871]
14 8.0940— 3] 4.0707—2] 42046-1] 64 ~6.8249 1] 2.94731] 3.10901]
15 1.1082—2] 5.5569 — 2] 4.6394-1] 65 —7.4384 1] 3.15671] 3.32111]
16 1.4674—2] 7.4167-2] 5.1026—-1] 66 —8.0828 — 1] 3.37681] 3.54511]
17 1.8884—2] 9.7083 — 2] 55990—1] 67 —8.7589 — 1] 3.60991] 3.78151]
18 2.3692—2] 1.2494 —1] 6.1346—1] 68 —9.4680 1] 3.85581] 4.03081]
19 2.9068—2] 1.5843 — 1] 6.7176—1] 69 —1.02110] 4.11531] 4.29371]
20 3.4928—2] 1.9823 —1] 7.3545-1] 70 —1.09900] 4.38881] 4.57081]
21 4.1198-2] 2.4514—1] 8.0531-1] 71 —1.18050] 4.67721] 4.86271]
22 4.7746-2) 2.9997 1] 8.8227-1] 72 —1.26570] 4.98091] 5.17001]
23 5.4461— 2] 3.6357 1] 9.6736-1] 73 —1.35490] 5.30081] 5.49361]
24 6.1195— 2] 4.3685 — 1] 1.06160] 74 —1.44810] 5.63751] 5.83401]
25 6.7795—2] 5.207§ —1] 1.166Q0] 75 —1.54550] 5.99191] 6.19211]
26 7.4119-2] 6.1636 — 1] 1.28170] 76 —1.64730] 6.36461] 6.56861]
27 8.0025— 2] 7.2466 —1] 1.40990] 77 —1.75360] 6.75661] 6.96451]
28 8.5379—2] 8.4680 — 1] 1.55190] 78 —1.86450] 7.16861] 7.38041]
29 9.0058—2] 9.8396 — 1] 1.708%0] 79 —1.98030] 7.60171] 7.81751]
30 9.3930- 2] 1.13740] 1.882(0] 80 —2.10110] 8.05671] 8.27651]
31 9.6904— 2] 1.30830] 2.07290] 81 —2.22710] 8.53461] 8.75851]
32 9.8890- 2] 1.49810] 2.28240] 82 —2.35860] 9.03661] 9.26471]
33 9.9815- 2] 1.70810] 2.51370] 83 —2.49570] 9.56361] 9.79591]
34 9.9610— 2] 1.93990] 2.76570] 84 —2.63880] 1.01172] 1.03532]
35 9.8216—2] 2.195(0] 3.04180] 85 —2.788(0] 1.06982] 1.093%2]
36 9.5570— 2] 2.47500] 3.343(0] 86 —2.94360] 1.13072] 1.15532]
37 9.1615—2] 2.78150] 3.67110] 87 —3.10580] 1.19462] 1.21962]
38 8.6310— 2] 3.11620] 4.02790] 88 —3.27480] 1.26172] 1.287%2]
39 7.9615—2] 3.48110] 4.41510] 89 —3.45090] 1.33212] 1.35802]
40 7.1480- 2] 3.87790] 4.83460] 90 —3.63460] 1.40602] 1.43232]
41 6.1855— 2] 4.30860] 5.28840] 91 —3.82630] 1.48342] 1.51022]
42 5.0700— 2] 4.77530] 5.77850] 92 —4.02610] 1.56472] 1.59202]
43 3.7972-2] 5.28010] 6.30710] 93 —4.23470] 1.64992] 1.67712]
44 2.3640—2] 5.82510] 6.87630] 94 —4.45210] 1.73932] 1.76752]
45 7.6657— 3] 6.41280] 7.48850] 95 —4.67890] 1.83302] 1.86182]
46 —1.0010 - 2] 7.04530] 8.14610] 96 —4.91570] 1.93142] 1.96062]
47 —2.9450-2] 7.72530] 8.85140] 97 —5.16300] 2.03462] 2.06432]
48 ~5.0720-2] 8.45530] 9.60700] 98 —5.42130] 2.14282] 2.17312]
49 ~7.3813-2] 9.23790] 1.04161] 99 —5.69070] 2.25642] 2.287722]
50 -9.8780-2] 1.00761] 1.128¢1] 100 ~5.97090] 2.37562] 2.40692]
51 —-1.2571-1] 1.097%1] 1.22041]
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This approach is appropriate for cases such as the decay 2P, —1'S, is much larger than the corresponding
23P,, states in lowZ ions where radiative linewidths of the 23P,—11S, amplitude for lowZ ions. These amplitudes
fine-structure levels are small compared to the level spadnterfere (constructively to give a rate that is substantially
ings. A second approach, used in Rf7], is a nonpertur- |arger than the weighted sum of the rates from the two indi-
bative approach in which the radiation field and the hyperfingjidual levels. Forz>40, the contribution of the 2P, state
interaction are treated on the same footing. Such an approagb the decay rate of the 3P, levels decreases to less than
is needed to describe hyperfine quenching in the ranggu,, so neglecting interferences is not expected to give large
Z>40, where the radiative linewidth of the®P, state be- grrors.

comes comparable to the energy separafidfyy. In Ref. Here, we adopt a method based on radiation-damping
[17], the hyperfine energy matrix was modified to includetheory to treat both wide and narrow levels. This theory leads
effects of the radiation field by adding the radiative half- again to a complex generalization of the hyperfine energy
widths of the fine-structure levels as imaginary parts to thematrix, with imaginary diagonal contributions corresponding
diagonal matrix elements. The modified hyperfine energy eito radiative half-widths. Additionally, however, radiation-
genvalue equation was then solved. The real parts of thgamping theory gives imaginary contributions to the off-
energy eigenvalues gave the level shifts and the imaginardiagonal 2P,-2 1P, matrix element. Decay rates calculated
parts gave the hyperfine level half-widths, from which ysing radiation-damping theory reduce precisely to the re-

quenching rates were determined. sults of perturbation theory, including coherence effects, in
In cases where the radiative half-widths of the fine-the limit of small level widths.

structure levels are small compared to the fine-structure spac-
ing, the second method reduces to the first, provided inter-
ferences between transitions from different sublevels are
ignored. In perturbation theory, such interferences occur be- Let us consider the amplitude for an electromagnetic mul-
tween transition amplitudes from the’R; and 2'P; states. tipole transition from hyperfine componehtof a 2P, state
Even though the 2P, state is only weakly coupled to the to hyperfine componerf’ of a lower 23S, or 11S, state.
23p, states by the hyperfine interaction, these interference&sing the notation of Ref.6], we may write this transition
can be very important, as the amplitude of the transitioramplitude as

1. Perturbative approach

F'F Kk
|

P }2 Clu(n”'sylQ27Py), (.13
Y

(7' S DF Q2 7P Fy =3 [F][F’](—l)“”wl

whereQ(k*q) is the electromagnetic multipole operator of orédeiThe superscript designates the type of multipole=1 for

electric multipoles anch =0 for magnetic multipoles. The angular coefficients of the contributions from tHe, 2and

2 1P, states to the sum in the above equation are identical. It follows that these two contributions to the decay rate add
coherently. For electric dipole transitions, the line strength of the transition FrdmF’ is

S(F',F)=|(n”'Sy3F'[Qq] (2 7P;1)F)]?,

WhertezQ(ll). For decays of 3P, states, there are three channels to consider:
a. 23P;—11S,(E1): In this caseF’ =1 and there are contributions to the decay of th#2 state from initial substates
distributed over the various possible hyperfine componEntd/e average over thd ] X[J] initial substates to find

2.0261X 10", Sgy(I,F) 2.02613« 10", [F] 2
Aer= A8 zp: [Ell][J] - 3 ; 3[1[J] ; C';1<1180||Q1||27P1> , (2.19

where Ag; is the decay rate ins!, Sg; is the line strength in a.u., and is the wavelength in A for the P;—11S,
transition.(Small differences in between hyperfine components are ignored héi@evaluate this expression, it is necessary
to know the unperturbed reduced matrix elementsSy|Q,[2 1P,) and(11Sy|Q4]|2 3P,). These can be obtained as square
roots of the line strengths tabulated in REF]. To be consistent with the phase conventions chosen here for the magnetic-
dipole hyperfine matrix elements, the relative signs of these two reduced matrix elements must be negative.

b. 23P;—23S,(E1): In this case, we find

. 2.02613< 108, Siy(F',F) 2.02613<10'® [F]
E1™ )\3 FE’F [l][J] = )\3 [; [l][J]|C§O|2X|<2 381||Q1||23P0>|2
23 LIS eria3sj0ul2 7Py 2+ S i |CE 227810425 P 219
30| T TR ] BLa] Sk '
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where \ is the wavelength of the ¥P,—23S, transition. Again, the reduced matrix elemer®>S,;|Q,/2*P,) and
(23S,]Q4]|23P,) can be obtained as square roots of the associated line strengths tabulated &), Ref.in this case with a
positive relative sign.

c. 23P;—115,(M2): In this case, we may write

149097 10 Syo(I,F)  1.4909% 10

F
A= g3, ) MERREED S ek s M2 (216

Here, M2=20Q(2°) is the magnetic-quadrupole moment op- only between states that have the same angular momentum.
erator, and\ is the wavelength of the 3P;—11S; transi-  Therefore, for 23p, states, there are four diagonal matrix
tion. Since only one component of each hyperfine level conelements and only one nonvanishing off-diagonal matrix el-
tributes to the decay in this case, there is no question ofMment. These matrix elements are given(ioya.u)
coherence.

For the 2°P,, state, there is only one hyperfine component (4
Ez I, so the sums on 'the right-hand sides of t'he gbove equa- (23P| Vi 23P) = _‘ —k§|<2 35,(|Qul23Po) 2!,
tions collapse to a single term. THéd2 contributions are 213
included in our calculations of the P, decay rate, but (2.18
prove to be negligible as the coupling between ti@gand )
23p, states are very weak. For the decay of th’e?g state, (23Py|V,4|23P,) = '_[ ikaZ 35,]|Q4)123P,) 2
all values ofF in the rangg/l —2|<F=<I+2 are included, 2
and theM 2 contributions to the decay rate are substantial for
high-Z ions. 2 ]

a
+555kol2 1o M2 2°P)?

2. Radiation-damping method (2.19

For cases where the radiative linewidth is comparable to .
the separation between levels, the perturbative approach de- (23P|V,42%P,) = '_[ ikgl(l 1551 Q4]12 3P, 2
scribed above is inadequate. In such cases, the interaction 219
with the radiation field must be treated on an equal footing 4
with the hyperfine interaction. One particularly convenient +§kf|<23sl||Ql||23Pl>|2],
method for including radiative corrections in atomic wave
functions is by means of the nonlocal, optical potentig| (2.20
introduced by Robicheauwst al.[23] to treat radiation damp-

ing. If we let Q(}) represent the electromagnetic multipole L Lo - o
operator, theiV/,q is defined by its action on a staftére) of (2P| Vi 27Py)= 2 §k0|<1 Soll Qull2*Po)l
energyE by

4
+§k§|<2 33,|Q4)2 1P1>|2] ,

(2.21)
_ (k+1)(2k+1)
Vid YE) =i ez (E—Ep) :
d¥e) akEm K[(2k+1)!!] ; ( <23P1|Vrd|21P1>=|§(gkg<1150||Q1||21P1)
1 3
X Ka'Qi ) (0l QY ), (2.17) X(17S[Q4l[2°Py)

4
+5ki(2°s,1Qu)12*Py)

where « is the fine-structure constant akg=(E—E,)/Ac 3 3

is the wave number of the photon connecting statesand X(2°51]Qu][2°Py) - (2.22

¥, . The sum oven ranges over all states having energy less

thanE. For the 2°P; states considered here, only two states

n contribute, the 1S, ground state and the3s, state. In these equationgk, andk; are wave numbers of the tran-
The potential V4 is a spherically symmetric, anti- sitions from the state of intere&.g., the 2P, statg to the

Hermitian operator, and its matrix elements are nonvanishind 1S, and 23S, states, respectively. For the four diagonal
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TABLE IV. Hyperfine matrix elementgJ’||7(M]|J)=(3J"|7V|3J) between 2P, states from the

present work are compared with values inferred from the nonrelativistic variational calculations of Aashamar
and Hambrd 3].

Present calculation Reff3]

z (17W)o) (A7W)1) (2TV2) (2I7P2) (7Po)y (UTPl1) (LTVN2) (2]TV)2)

2 0.1078 0.0956 0.1212 0.2119 0.1078 0.0955 0.1212 0.2119
3 0.3591 0.3266 0.4058 0.7170 0.3587 0.3257 0.4061 0.7167
4 0.8475 0.7834 0.9596 1.7074 0.8457 0.7789 0.9611 1.7058
5 1.6539 1.5472 1.8712 3.3485 1.6474 1.5312 1.8768 3.3431
6  2.8606 2.7045 3.2263 5.8064 2.8427 2.6584 3.2439 5.7928
7 4.5528 4.3496 5.1068 9.2486 4.5103 4.2365 5.1529 9.2184
8 6.8187 6.5876 7.5885 13.844 6.7287 6.3416 7.6945 13.784
9 9.7513 9.5384 10.739 19.762 9.5768 9.0495 10.959 19.654
10 13.449 13.340 14.615 27.176 13.133 12.436 15.037 26.990

matrix elements shown here, they can also be expressed in If we limit our calculation to a X 2 complex matrix cou-
term of the total level widtH™ as pling only the 2°P, and 23P, states, our method essentially
reduces to the MCDF approach by Indelicatoal. [17] in
evaluating the quenching rates for the 0 states. This for-
mulation gives approximately correct quenching rates in the
range Z>40 where interference between te=1 ampli-
tudes contributes only a few percent to the decay rate. For
lower Z, however, the X2 approximation can lead to large
errors in the predicted quenching rates.

i
(27Py|Vid27Py)=5T(27Py)

=i—2 > hAMN(27P;—n)
2k}\ n K J '

(2.23
I1l. DISCUSSION AND CONCLUSIONS
whereA(™(2 YP;—n) are multipole transition rates from the
unperturbed 2P, state to lower-energy states given in
Egs.(2.14—-(2.16.

A. Comparisons with nonrelativistic variational calculations

As mentioned in the Introduction, precise nonrelativistic
Including V4 together withHo+ H, in Eq. (2.4) leads to  Variational values of the hyperfine constants folP2states
a Comp|ex genera"zation of thex#d hyperﬁne energy ei- of helium and heliumlike ions wittlz<10 were given in
genvalue problem. The real parts of the eigenvalues give thBefs.[2,3]. Numerical values of three hyperfine constants
energies of the hyperfine levels while the imaginary parts
give the half-widths of the hyperfine lines from which C:_@ 2 8(r))
guenching rates can be deduced. For cases where the radia- 3 i v
tive half-widths of the levels are small compared to the fine-
structure intervals, the eigenvalues of the complex matrix
reduce precisely to the results of perturbation theory given in
the previous section. It should be emphasized that the coher-
ent combinations of the twd=1 amplitudes that occur in 5 Ao
the limiting case are a consequence of the fact that off- E 5<2 ri—3z >
diagonal contributions are included in the complex energy 2\ 5 H '
matrix.

(3.9

D:_4<Ei [ri>r<-pi]z>, (3.2)

(3.3

are given in Table 1 of Ref3] for Z=2,3, . ..,10Reduced

TABLE V. Hyperfine structure of the 2P levels of *He. Ener-
gies in MHz relative to the unperturbed]=0 level
A; r=E;r—E,5p. Fine-structure energiek,;—E,, are from Ref.

[7].

J E-E, (J,F) E)r Ayr  Expt.[7] Expt.[8]
SHe (u=—12.1276251=1/2)
0 0 (0,1/2 324 34384 34386 34394
1 -29617 (1,3/2 -—27102 6959 6961 6971
(1,12 -27770 6291 6293 6291
2 —31908 (2,3/2 -—-32280 1780 1781 1807
(2,5/2 —34060

matrix elements of the dipole hyperfine operator between
triplet states are expressed in terms of these nonrelativistic
hyperfine constants by the relations

(31||7'(1)||3O)=—a\/?E(C—DwLZE), (3.4
(31||7'<1)||31)=—a\/TE(C+D—4E), (3.5

(31 7Y)32)= —a@( C-D- gE) , (3.6)
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TABLE VI. Hyperfine structure of the 3P levels of 6Li * and “Li *. Energies in MHz relative to the
unperturbed)=0 level. A _;=E; —E; r_;. Fine-structure energieg,;—E,, are from Ref[9].

J E;—E, (J,F) Eyr Apry Expt. [9] Expt.[10]  Ref.[13]
5Li * (u=0.822051=1)

0 0 0,1 63
2 —93023 2,93 —90 209 4126 4128 4) 4127
2,2 —94 335 2856 2860) 2858

2,9 —97 191
1 —155 698 1,2 —154 360 2887 2888@) 2880
1,1 — 157 247 1317 131B) 1314

1,0 —158 564

Li* (u=3.25641=3/2)

0 0 (0,372 812
2 —93019 2,72 —81871 11770 11 7606) 1176112 11770
(2,5/2 —93642 9602 95982 960312 9606
(2,32 —103 244 6199 62043) 618218) 6204

(2,12 —109 443
1 —155694 (1,52 —151 253 9961 9953) 993224) 9941
(1,32  —161214 4239 42480) 422419 4223

1, 1/2 —165 454

\/30 4 [7], we obtain the hyperfine intervals listed in the third col-
(32| 7[32)=— a—~|C+D+cEJ. (3.7 umn of Table V. These values are seen to be in excellent

agreement with the measured intervals given in the sixth and
In Table IV, we compare values of the reduced matrix ele-Seventh columns. Coupling to the'; state does not influ-
ments from the present calculation with those inferred fromence the predicted hyperfine pattern at the 0.1-MHz level of
the nonrelativistic calculations of Ref3] using the above accuracy.

formulas. We find excellent agreement A2&2. However, 67i *: Measurements of the hyperfine pattern of the
owing to relativistic corrections, differences between the two2 P levels in ®’Li * were carried out in Ref§9,10]. Using
calculations increase to a few percentZamcreases from 2 the matrix elements from Table I, together with the experi-

to 10. mentally determined fine-structure intervals given in Ref.
[9], we obtain the hyperfine intervals listed in the fourth
B. Comparison with experiment for SHe, 87Li *, and %7+ column of Table VI. These are seen to be in excellent agree-

Values of the nuclear moments used in this work are thos8'€nt with the measuremer{i8, 10}, which are given in the
given by Raghavaf4]. In cases where several experimentals'Xth an_d seventh cqumns,_ and alsc_) W|th the cogpled—cluster
values are reported in RdR4], weighted averages are used. calculations of Ref[13], which are given in the eighth col-

3He: Precise measurements of the hyperfine pattern of thdMn- Again, coupling to the %P, state was unimportant at
23P levels in 3He were carried out in Ref§7,8]. Using the e level of accuracy in this table.

IRa2t- : o op a2+
matrix elements from Table I, together with the experimen-  B€~ : Energies of the 2P levels in °Be?" were mea-
tally determined fine-structure intervals for“He, Suréd to high accuracy in Ref1l]. From these measure-

AE; o= —29,617 MHz andAE o= — 31,908 MHz from Ref. meEts, one can infer th_e experimental hyperfine intervals
Ag=E;r—E; 4, listed in the last column of Table VII.

TABLE VII. Hyperfine structure of the 3P levels of Be2*. ~ The measured intervals agree to within the experimental er-

Energies in cri* relative to the unperturbed fine structure levels. rors with the values from the present calculation.
Ae=Ejr—Ejrs1

TABLE VIII. Hyperfine structure of the 3P levels of ¥F7™,

J BB (J,F) Eur Ag Expt. [11] Energies in cm! relative to the unperturbed]=0 Ilevel.
9Be?* (u=—1.17751=23/2) Ar=Eor—Eip-a.
0 0 (0, 312 0.0092
: J E,-E J.F E A Expt. [12
1 -11.54 (1,1/2 0.2728 0.1754  0.17%10) I S IF F xpt. [12]
1,3/2 0.0974 0.2654  0.26%40) BF7 (u=2.6289 | =1/2)
(1,5/2  —0.1680 0 0 (0,1/2 -0.87
2 329 (2,12 0.4811 0.1581  0.158%0) 1 151.28 (1,1/2 143.22
(2,32 0.3230 0.2659  0.26%21) (1,32 155.66
(2,502 0.0571 0.3773  0.37684) 2 110915 (2,3/2 1096.82 953.60  953.68)

(2,72 —0.3202 (2,5/2 1117.42 961.76 961.73)
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TABLE IX. Hyperfine energie€;  and weight coefficientﬁ:'%, of the (J,F)=(0,l) hyperfine level for
several He-like ions. The values &, are relative to the unperturbeb=0 level in cm 1. Numbers in
brackets represent powers of ten.

lon I i Eoq, Cho Chy Ch, Chy

1op 1/2 26289 —0.8742 9.9697-1] —7.7835-2] 0 1.706%— 4]
2Na  3/2 22176 —0.3266 9.9969-1] -—2.5044—2] —6.6865—5] 1.3395—4]
2Al 5/2  3.6415 —0.8732 9.9965-1] —2.6449—2] —8.3201-5] 2.569—4]
31p 1/2  1.1316 -0.2288 9.9995-1] —9.6973—3] 0 1.4187—4]

9F7+: Two energy intervals between th@,F) levels in  including contributions from all three hyperfine constants
the hyperfine pattern of the *P state,Ap=E,r—E;r ;, C,D, andE of Egs.(3.1)—(3.3), were carried out by Abous-
were measured in Ref12]. The measured energy intervals, sad et al. [16].
A3,=953.60(3) MHz and\s,,=961.77(3) MHz, agree pre- In Table X, we present the values of the unperturbed tran-
cisely with the valuesA ;,=953.60 MHz andAs,=961.76  Sition ratesA,, the hyperfine induced raw, and the re-
MHz, from the present calculation as shown in Table VIII, sulting 2°Py lifetime 7 in the range 0Z=6-40 calculated
where we present the complete’R hyperfine pattern for Uusing the radiation-damping formalism from the previous

17+, section. ForZ=<32 these values agree to four significant fig-
ures with results obtained using perturbation theory. For
C. Hyperfine quenching Z=40, the difference between radiation-damping theory and
) _ perturbation theory increases to 1.5%.
In Table IX, we list theJ=0 level shifts and the corre- ~ The transition amplitudes used in this calculation were

sponding expansion coefficientS!,; for the four ions, optained from the line strengths tabulated in Réj, which
WRTH, 2Na®t, /A1, and 3'P3Y, obtained by solving were also evaluated using relativistic Cl wave functions. In
the eigenvalue equatio(2.4) in the special cas€=1. To  Table X, we also compare the present valuesAgf with
obtain accurate quenching rates for low and intermediate those obtained from the relativisticZLexpansion of Mohr
ions, it is crucial to include the coupling with thé?l state. [15]forZ =9, 11, ..., 29, anavith the MCHF calculations
Although this state has small weight, as seen in the table, bf Aboussad et al.[16] for Z = 9, 11, and 13. The present
does have a large transition amplitude to the ground stateates are 2—3% smaller than those from R&8)], presum-
Moreover, the amplitudes for transitions from thé2, and  ably because of higher-order relativistic corrections. They
2'P, states add coherently to give the hyperfine quenchingiisagree with the Z/ values from Ref[15] by as much as
rate to the ground state. The importance of tH@®2 state is 504,

illustrated in Fig. 1, where we plot the percentage difference e also include in this table experimental lifetimes for

in quenching rates calculated with and without the singlet-19¢ [25 26, 27Al [27], P [28,29, and ®INi [18]. These

state contributions. This ratio has a maximum value of aboueasurements, which are consistent with the theory for all of

40% nearZ=14, and decreases to less than 1% a#0. the cases listed, clearly establish the fact that hyperfine
quenching occurs.

1.Z =6-40
Hyperfine quenching of 3P, states for heliumlike ions 2.Z =41-60
was carried out in the relativistic Z/approximation by Mohr For He-like ions withz> 40, coupling to the 2P state is

[15]. These calculations included contributions from the Convelatively unimportant as is apparent from Fig. 1. However,
tact interactionC in Eq. (3.2) only. Similar calculations, us-

ing MCHF wave functions with Breit-Pauli corrections and

6
50 ————— St
_ 4}
40 B El
1]
= = 3F
< s} . E
< = 2
& 20r . 1L
<
10 | i 0
20
0 1 ] 1 1 1 ] Z
5 10 15 20 25 30 35 40
z FIG. 2. Ratio of the full width of the 3P, stateI'5; to the

fine-structure intervalAE,| plotted as a function oZ. The peak
FIG. 1. Percentage change in the theoretical hyperfine quenctbetweenZ=45 andZ=46 corresponds the level crossing between
ing rateA,; when contributions from the %P, state are included. the 23P; and 2°P, states [AE;j=0).
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TABLE X. Hyperfine quenching of 3P, levels of heliumlike ions with nuclear charges in the range
Z=6-40. In column 5A, is the unperturbed decay rate of thér, state in ns* from Ref.[6]. In columns
6-8, the values of the hyperfine-induced®— 1 1S, transition rates are shown in n§ whereA; is the
result of this work,An¢(1/Z) is from the relativistic 1Z expansion calculations of Molit5], andA«(HF) is
from the MCHF calculations of Aboussket al.[16]. In the last two columnsz is the quenched lifetime of
the 23P, state in ns.

lon z M I Ag(nsl)  Ap(ns ) A1/Z) An(HF) 7(ns) Texpt
¢ 6 0.70241 1/2 0.05652 0.00011 17.66

N 7 0.40376 1 0.06770 0.00086 14.59

5N 7 —0.28319 1/2 0.06770 0.00054 14.65

0 8 —1.8938 5/2 0.07902 0.00260 12.25

19 9 2.6289 1/2 0.09054 0.01391  0.013 0.0142 9.574 Qa8
2INe 10 -0.6618 3/2 0.1023 0.0006 9.714

ZNa 11 2.2176  3/2 0.1143 0.0119 0.012 0.0122  7.922
Mg 12 -—0.85545 5/2 0.1266 0.0024 7.751

Zal 13 3.6415 5/2 0.1393 0.0737 0.074 0.0760 4.695 (2.8
295 14 —0.55529 1/2 0.1524 0.0059 6.317

31p 15 1.1316 1/2 0.1659 0.0409 0.041 4.836 ®B8
ES 16 0.64382 3/2 0.1799 0.0116 5.223

35l 17 0.82187 3/2 0.1944 0.0297 0.030 4.462

36| 17 1.28547 2 0.1944 0.0655 3.848

sl 17 0.68412 3/2 0.1944 0.0206 4.652

39K 19 0.39149 3/2 0.2250 0.0160 0.016 4.149

40K 19 -1.2981 4 0.2250 0.1317 2.804

4K 19 0.21488 3/2 0.2250 0.0048 4.351

“Ca 20 -—1.5948 7/2 0.2412 0.3095 1.816

“Ca 20 -1.3176 7/2 0.2412 0.2114 2.209

5S¢ 21 47565 7/2 0.2581 4.181 4.15 0.2253
41Tj 22 —0.78848 5/2 0.2758 0.1836 2.177

49T 22 —1.1042 7/2 0.2758 0.3307 1.649

S0y 23 3.3457 6 0.2941 4.084 0.2284

Sty 23 5.1487 7/2 0.2941 10.73 10.5 0.09075
S3cr 24 —-0.47454 3/2 0.3134 0.1705 2.066

Mn 25 3.5683 5/2 0.3335 11.93 0.08154
Mn 25 3.4687 5/2 0.3335 11.27 10.7 0.08618
SFre 26 0.09062 1/2 0.3545 0.0236 2.645

%o 27 4.627 7/2  0.3765 38.32 36.0 0.02584
6INj 28 —0.75002 3/2 0.3996 1.845 0.4455  0.450 ¢
fcu 29 2.2273  3/2 0.4239 23.80 21.7 0.04128
85cu 29 2.3816  3/2 0.4239 27.24 0.03615
§Zn 30 0.8752 5/2 0.4493 4.373 0.2074
8%Ga 31 2.0166 3/2 0.4760 40.17 0.02460
"Ga 31 2.5623 3/2 0.4760 65.12 0.01525
“Ge 32 0.87947 9/2 0.5040 7.911 0.1188
“As 33 1.4395 3/2 0.5335 42.50 0.02324
Se 34 0.53504 1/2 0.5646 15.45 0.06246
“Br 35 2.1064 3/2 0.5972 196.9 0.005065
81Br 35 2.2706 3/2 05972  229.2 0.004353
8Kr 36 0.97067 9/2 0.6316 44.30 0.02226
%Rb 37 1.3534 5/2 0.6678 152.0 0.006551
8Rb 37 2.7515 3/2 0.6678  768.7 0.001300
§sr 38 1.0936 9/2 0.7059  131.7 0.007555
8%y 39 0.13742 1/2 0.7460 8.139 0.1126

%zZr 40 -1.3036 5/2 0.7884 561.6 0.001778

8Engstran et al. [25,26].

®Denneet al. [27].

‘Livingston and Hinterlond 28], Vogel Vogt[29].
dDunford et al. [18].
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TABLE XI. Hyperfine quenching of 3P, levels of heliumlike TABLE XII. Hyperfine quenching of 2P levels of heliumlike
ions with nuclear charges in the range=41-60. HereA, is the ions with nuclear charges in the range=62—-92. HereA, is the
unperturbed decay rate of the’R, state in ns* from Ref.[6], unperturbed decay rate of the’R, state in ns* from Ref.[6],

Ay is the hyperfine-induced ¥P,— 1 1S, transition rates in ps* A is the hyperfine-induced ¥P,— 1 1S, transition rates in ps*

of this work, andr is the quenched lifetime of the®P,, state in ps,  of this work, andr is the quenched lifetime of the®P,, state in ps,
also of this work. The last column gives comparison values of thealso of this work. The last column gives comparison values of the
guenched lifetime;(MCDF), from the MCDF calculations of In- quenched lifetime7(MCDF), from the MCDF calculations of In-

delicatoet al. [17]. delicatoet al. [17].

Ag A Ag A
lon Z W I (nsY) (psY) 7(ps) 7(MCDF) lon Z " I (nsY) (psY)  (ps) 7 (MCDF)
“Nb 41 6.1705 9/2 0.8328 19.77 0.05057 147sm 62 -0.8148 7/2 2.623 0.5385 1.848 2.012

Mo 42 —0.9142 5/2 0.8799 0.9406 1.062 1.058 14%Sm 62 -0.6715 7/2 2.623 0.3654 2.717 2.952
Mo 42 —0.9335 5/2 0.8799 0.9801 1.019 1.014 BIEy 63 3.4717 5/2 2.768 10.26 0.09745 0.09045
%Tc 43 5.6847 9/2 0.9295 67.21 0.01488 0.01885 >%¥Fu 63 1.5330 5/2 2.768 2.043  0.4888  0.4690
Ru 44 —0.6413 5/2 0.9819 2.820 0.3545 0.3899 1°%Gd 64 —0.2581 3/2 2.925 0.07078 13.57 13.41
IRy 44 —0.7188 5/2 0.9819 3.525 0.2836 0.3235 °'Gd 64 —0.3386 3/2 2.925 0.1220 8.008 7.938
10Rh 45 —0.08840 1/2 1.037 0.3820 2.611 2.773 9Th 65 2.014  3/2 3.090 4.224 0.2366 0.2213
0% 46 —0.642 5/2 1.095 9.656 0.1036 0.1022 Dy 66 —0.4804 5/2 3.263 0.2124 4.637 4571
07ag 47 —0.11368 1/2 1.157 0.2674 3.724 3.608 Dy 66 0.6726 5/2 3.263 0.4124 2.406 2.319
109g 47 —0.13069 1/2 1.157 0.3548 2.810 2744  ¥Ho 67 4.173  7/2 3.446 14.51 0.06888 0.06641
1lcd 48 —0.59489 1/2 1.222 4.112 0.2431 0.2262 °Er 68 —0.56385 7/2 3.638 0.2805 3.519 0.03770
1%cd 48 —0.6223 1/2 1.222 4520 0.2212 0.2058 %°Tm 69 —0.2316 1/2 3.839 0.1140 8.487 8.568
30 49 55289 9/2 1.290 69.23 0.01444 0.01167 "*yb 70 0.4937 1/2 4.049 0.5175 1.917 1.015
9n 49 55408 9/2 1.290 69.49 0.01439 0.01162 ™yb 70 —0.6799 5/2 4.049 0.4692 2.113 2.121
%5n 50 —0.91883 1/2 1.363 4.554 0.2195 0.1576 ™Lu 71 2238 7/2 4273 4731 02112 0.2052
17Sh 50 —1.0010 1/2 1.363 5.454 0.1833 0.1714 YQu 71 3.1692 7 4273 8453 0.1182 0.1141
1%n 50 —1.0473 1/2 1.363 6.000 0.1666 0.2011 Y™Hf 72 0.7935 7/2 4.507 0.6192 1.603 1.583
12lsh 51 —3.3634 5/2 1.439 21.12 0.04735 0.04543 YHf 72 —0.6409 9/2 4.507 0.3867 2.556 2.561
12%sh 51 25498 7/2 1.439 10.18 0.09824 0.08773 87Ta 73 23705 7/2 4.754 5.676 0.1760 0.1729
123Te 52 —0.73695 1/2 1.519 1.852 0.5396 0.5924 8w 74 0.11778 1/2 5.011 0.03414 25.54 25.39
125Te 52 —0.8885 1/2 1519 2.726 0.3666 0.4133 ®Re 75 3.1871 5/2 5.287 11.88 0.08414 0.08033
27 53 28133 5/2 1.605 9.754 0.1025 0.09093 *'Re 75 3.2197 5/2 5.287 12.12 0.08247 0.07872
12%e 54 —0.77798 1/2 1.695 1.600 0.6243 0.6780 ®0s 76 0.064652 1/2 5.574 0.01114 59.83 59.43
Blxe 54 0.69186 3/2 1.695 0.6543 1.525 1.433 18%0s 76 0.65993 3/2 5574 0.6411 1.546 1.522
13cs 55 25826 7/2 1.790 6.390 0.1565 0.1322 ¥4 77 0.1484 3/2 5.875 0.03401 25.07 25.64
13%8a 56 0.83863 3/2 1.891 0.8290 1.203 1137 %% 77 0.1614 3/2 5.875 0.04022 21.70 22.16
13'Ba 56 0.93735 3/2 1.891 1.033 0.9658 0.9075 %Pt 78 0.60952 1/2 6.187 1.054  0.9433 0.9167
133 57 37136 5 1.997 11.02 0.09075 0.08521 7Au 79 0.14816 3/2 6.515 0.03688 23.04 23.66
13 a 57 27830 7/2 1.997 6.642 0.1505 0.1407 °Hg 80 0.50588 1/2 6.852 0.7941 1.248 1.209
Ypr 59 42754 5/2 2228 1564 0.06392 0.06048 2°Hg 80 —0.56022 3/2 6.852 0.5543 1.782 1.811
¥YNd 60 —1.065 7/2 2.353 0.9324 1.070 1.067 20371 81 1.6222 1/2 7.215 8.225 0.1215 0.1091
¥Nd 60 —0.656 7/2 2.353 0.3528 2.815 2.799 25T 81 1.6382 1/2 7.215 8.383  0.1192  0.1069
207 82 059258 1/2 7.663 1.189  0.8357  0.8345

o o , 2098j 83 4.1106 9/2 7.971 24.50 0.04080 0.03971
in this range ofz, the radiative width of the 3P; state 2233, gs 02705 3/2 1004 0.1868 5.079

I'3; is comparable to the energy separation between thexsr, 99 .46 5/2 1093 0.5007 1.955

2°P; and 2°P, states,AE. (Here, T,y=fiA,5, Where  2s; g5 039  7/211.81 03695 2623  2.145
A,/J is the .tota_l decay rate of the®P; state) This fact is 29, 94 0203 1/2 12.67 02571 3.707
illustrated in Fig. 2, where we plot the ratld;,/AEp as a
function of Z. The peak in this curve betweer=45 and 46
corresponds to a sign change &E,q (the level crossing from Ref.[17] and find differences of up to 10% in this
between the 3P; and 2°P, state$ that can be seen in the range of nuclear charge. These differences are in part due to
second column of Table Ill. FaZ=41-60, it is, therefore, differences in the sign of the hyperfine contribution to the
necessary to treat radiative transitions on an equal footingnergy matrix. As an example, in the present calculation of
with the hyperfine interaction, as with the present radiationthe hyperfine matrix for'®Ag, we find Ws; 3= —0.01224
damping method. In Table XI, we present the unperturbedindWs; 5;=0.01533; whereas the corresponding values from
decay rated\,, the perturbation corrections,;, and the re- Ref. [19] are W3, 3= —0.01222 andWj; 3;= —0.01531.
sulting lifetimes, for 2P, states of heliumlike ions with (Fine-structure contributions to the diagonal matrix elements
Z=41-60. We compare these rates with the MCDF valuesre omitted her¢Differences in the signs of the off-diagonal
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TABLE XIlI. 2 ®P, hyperfine quenching rates for He-like ical rates change somewhat when hyperfine mixing is con-
ions having lifetimesr>1 ps, for which hyperfine quenching in- sjdered, but for most of the ions considered in R6f, ex-
creases the unperturb&d + M2 decay rated, by more than 5%.  perimental errors mask the hyperfine quenching corrections.
One exception i23Cu?™*, where the measured®P, life-

lon Z 1 Adns) Aw(ns™h) 7(p9 % change time of 47+ 5 ps as reported in Ref30] is in clear disagree-
4Sc 21 4.7565 7/2  1.693 0.3928 479.5 23 ment with the unperturbed theoretical value of 54.1 ps from
0y 23 3.3457 6 3.188 0.3622 281.7 11 Ref.[6], but is consistent with the quenched lifetime of 50.1
Sy 23 5.1487 7/2  3.188 0.9453 242.0 29 ps obtained from the present calculation. In this case hyper-
51Mn 25 3.5683 5/2 5.891 0.9584 146.0 16 fine quenching changed the unperturbed rate by 7%, while
5Mn 25 3.4687 5/2  5.891 0.9056 147.1 15  for the otherJ=2 decays considered in R¢B], the hyper-
%Co 27 4.627 7/2 10.59 2.733  75.04 25  fine corrections are 1% or less. As a guide for future mea-
63Cu 29 2.2273 3/2 18.49 1.453 50.14 7 surements, we present in Table XIlII a list of He-like ions for
65%Cu 29 2.3816 3/2 18.49 1.662  49.63 8  which hyperfine mixing changes the unperturbetP2 de-
8%Ga 31 2.0166 3/2 31.31 2.035  29.99 6  cay rates by more than 5%, and for whiek1 ps.
Ga 31 25623 3/2 31.31 3.285  28.90 10
Br 35 2.1064 3/2 82.74 5908  11.28 7 E. Bohr-Weisskopf effect
Zigrb i‘? ?2277522 :;//22 123764 1%8825 12'236 182 For heavy e_Iements, the distrilbution of magnetism inside
SNp 41 6.1705 o/2 298.5 134'9 2'307 45 the nucleus gives small corrections to hyperfine copstants
%01 ' ' ' ' that were studied many years ago by Bohr and Weisskopf
c 43 5.6847 9/2 440.6 169.3 1.640 38

[31]. To estimate the influence of the Bohr-Weisskopf cor-
rections on 2P, quenching rates, we considered the case of
terms can reflect different phase conventions for wave funct®’Au’"* using the model of a uniformly magnetized ball of
tions and have no physical significance. Differences in theadiusR to describe the nuclear magnetic-moment distribu-
sign of the diagonal matrix elements, on the other hand, intion. This model leads to the replacement®%r/R® for
dicate a sign difference in the hyperfine interaction Hamil-y <R in the expressiori2.12) for tM(r). For 7Au™", we
tonian and cannot be ignored. Since the fine-structure intefjseq the valueR=7.019 fm from Ref.[32] and found a

val, which is also on the diagonal of the interaction matrix, iS.oqction of 1.6—1.8% in the eight reduced matrix elements

ordinarily much larger than the hyperfine interaction, such are (1) Lo ;
. X : . The corresponding increase in thé uenched
error can easily be overlooked. The only experimental “fe'lifetime was 3%. gince tghe reduced matrzo glements are

times in this range of nuclear charge are f¥Ag and : o
10979 from the measurements of RdfL9]. The measured dominated by contributions from thes Electron, we expect

values arer(107)=3.98(37) ps andr(109)=2.84(32) ps that finite-size corrections will scale as the prodéddt for
which are consistent with our values f107)=3.72 ps and  Other ions.

7(109)=2.81 ps shown in Table XI. They are also consistent o

with the MCDF values of 7(107)=3.61 ps and F. Redetermination of AE

7(109)=2.74 ps[17] in spite of the above-mentioned sign | view of the differences between the present calculation

errors. and earlier calculations, we reevaluate the fine-structure in-
3. 7 = 61-92 tervalsAE,, inferred from quenching experiments using the
) ) ) ) _ present matrix elements.
In this range ofZ, coupling with the 2P, state is unim- ®INi: The lifetime of the 2°P,, state in®Ni measured in

portant and the radiative width of the®R; state is again Ref. [18] was 7=0.470(50) ns. If we leAE;, be an adjust-
small compared to the energy separatibB,,. Neverthe- aple parameter in our calculation, we find that
less, we continue to use the radiation-damping method angg, =2.40(17) eV corresponds to the measured lifetime.
extract the lifetime from the imaginary part of tde=0 ei-  The value deduced in Ref18] was AE;,=2.33(15) eV,
genvalue of the X4 complex energy matrix, as perturbation while the theoretical value used in the present calculation
results are off by about 1% in this range. In Table XIl, we (which is expected to be more accurate than either of these

present results on the unperturbed decay rageshe pertur-  two experimentally derived numbeiis 2.323 eV from Table
bation correctionsA;, and lifetimes r for 2°3P, states. .

Again, we compare the rates with the MCDF values from  107100qg: The lifetimes of the 2P, states in®/Ag and
Ref.[17] and find differences ranging from 0 to 100%. Mea- 109g were found to ber=3.98(37) and 2.84(32) ps,
sured lifetimes are available fdr°Gd and **'Gd from Ref. respecti\/e|y, in Ref[]_g] From these two measurements,
[14]. These values arer(155)=13.43(27) ps and we infer AE;y= —0.84(5) and—0.81(6) eV, respectively.
7(157)=7.65(55) ps, which are to be compared with ourp weighted average of these two values gives
values of7(155)=13.57 ps andr(157)=8.01 ps shown in  AE,.=—0.82(4) eV, which can be compared to the value
Table XII, and with the MCDF values 0f(155): 13.41 ps AElO: —0.79(4) eV deduced in Re[lg]’ and the present
and 7(157)=7.94 ps from Ref[14]. theoretical valueAE;,= —0.801 eV from Table IIl.
155.15Gd: The lifetimes of the 3P, states in'®Gd and
157Gd were found to ber=13.43(27) and 7.65(55) ps, re-
On p. 293 of Ref[6], detailed comparisons of theoretical spectively, in the experiments of R¢fl4]. From these two
2 3P, decay rates with experiment were given. The theoretmeasurements, we infer AE;;=—18.47(20) and

D. Hyperfine quenching of 23P, levels
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—18.14(67) eV, respectively. The weighted average of theséne quenching rates of th&=0 states for all stable ions in
two values isAE ;o= —18.44(19) eV, compared to the value the intervalZ=6-92. Quenching rates for’®P, states were
AE;p=—18.57(19) eV from Ref[14], and the present the- also presented for ions of possible experimental interest. The
oretical valueE,,= —18.57 eV from Table III. calculations presented here provide benchmark values for fu-
In summary, accurate hyperfine matrix elements betweefure measurements of the hyperfine structure &P 2levels
substates of the 2°P states have been determined for of for hyperfine quenching experiments.
all ions fromZ=2 to Z=100 using relativistic Cl wave func-
tions that include both Coulomb and Breit interac-
ions. These matrix elements can be used to predict accurate
hyperfine energies for %P, states. Applications to the The work of W.R.J. was supported in part by NSF Grant
hyperfine structure of the ¥, states for the ions®He, ~ No. PHY 95-13179. The work of K.T.C. was performed un-
67 *, °Be?*, and **F7" led to agreement between theory der the auspices of the U.S. Department of Energy by
and experiment at the level of experimental uncertainty. Thd.awrence Livermore National Laboratory under Contract
theory of hyperfine quenching was reformulated using dNo. W-7405-ENG-48. The authors owe a debt of gratitude to
method adopted from radiation-damping theory. This method. Aashamar for helpful remarks concerning the variational
was designed to treat cases where radiative level widths a@lculations. Thanks are also due to H.G. Berry for several
comparable to level separations; but, in contrast to methodgseful comments on the manuscript and to P. Indelicato for
used previously, reduces properly to perturbation theory fowerifying that the sign of the diagonal matrix element found
small level widths. Applications were given to predict hyper-here is correct.
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