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The scalar and tensor polarizabilities of the barium 6snd D2 states with principal quantum num-

ber n ranging from 14 to 30, as well as those of the 5d 7d 'D2 perturber state near n =26, have been

measured with high-resolution laser —atomic-beam spectroscopy. The data are analyzed by calculat-

ing the contribution to the polarizabilities of all known odd-parity states connected via the electric
dipole operator with the 'Di states. In this way the contributions of the unknown 6snf 'E3 states

are inferred. The results indicate that the I'3 series is heavily affected by at least two perturber
states. A tentative three-channel quantum-defect=theory analysis of the 'I'3 series, based on a fit to
the experimental polarizabilities, is presented.

I. INTRODUCTION

The highly excited states of atomic barium below the
first ionization limit have been the subject of many recent
investigations. Extensive measurements of the energies of
the even-parity states with total angular momentum J up
to five have been performed. ' Analyses in terms of
multichannel quantum-defect theory (MQDT) by Aymar
et a/. ' ' indicate that the 6sns, 6snd, and 6sng Rydberg
states are perturbed by many doubly excited states belong-
ing to 6pnp, 5dns, and 5dnd configurations.

The wave functions resulting from the MQDT analyses,
especially those for the J=O and 2 states, have been sub-
jected to a number of experimental tests including life-
time measurements, Stark-shift measurements, gj-
factor determinations, ' isotope shift measurements, " and
hyperfine-structure data. " ' The MQDT wave func-
tions generally prove to be adequate. However, the J=2
analysis had to be extended' ' ' to include the direct in-
teraction between the 6snd 'D2 and 6snd D2 states, which
is impossible to deduce from the level energies but is clear-
ly reflected in the Zeeman effect and hyperfine-structure
data.

Less exhaustive data are available on the odd-parity
states. The energies of the 6snp states with J=1 and 2
and associated perturber states (belonging to Sdnp and
5dnf configurations) have been measured by Armstrong
et al. ' who performed an extensive MQDT analysis of
their results. The J=1 states have been treated in an
eight-channel analysis, whereas a two-channel treatment
sufficed for the weakly perturbed I'2 series. Only a few
highly excited odd-parity states with J=O are known. '

The 6snf Rydberg series are of special interest in this
paper. The energies of the F states up to principal quan-

turn number n=32 are given by Carlsten et al. ,
' partly

citing unpublished data of Camus and Tomkins. For a
number of F2 and F3 states with n ranging from 9—55,
the level energies have been accurately determined by
Armstrong et al. ' and by Eliel and Hogervorst. ' The F
series appear to be unperturbed above n= 12 apart from a
weak perturbation at ii=20 in the E2 (Refs. 17 and 19)
and possibly also in the F4 series. ' For the F2 and F3
series this conclusion has been confirmed by the
hyperfine-structure measurements of Eliel and Hoger-
vorst. ' Data on the 6snf 'E3 level energies for n larger
than 9 are scarce. In Ref. 19 results for n =40, 45, and 50
are reported, and gallagher et al. give a value for the
6s24f 'F3 state. However, the assignment of the latter
state has been questioned, as it appears to be incompatible
with the hyperfine structure of the 6s24f F states in the
odd isotopes.

Measurements of the quadratic Stark effect in the
even-parity D2 states can, in principle, supply informa-
tion both on the 'D2 states themselves and on the nearby
odd-parity J=1, 2, and 3 states, which contribute to the
D2 polarizabilities via the electric dipole operator. The

uncommon situation that extensive data exist on the ener-
gies and wave functions of all states involved, except the
odd-parity 'F3 states, provides the opportunity to extract
information on the latter states from the polarizabilities of
the 'D2 states. This information is not only useful to
complete the picture of bariuin as a showcase of MQDT,
but also to validate the treatment of the hyperfine struc-
ture in the F Rydberg states in terms of a small number
of physically meaningful parameters as given in Ref. 19.

Tensor polarizabilities of the 6snd D2 states with prin-
cipal quantum numbers 15—18 and 22 have been mea-
sured by Fechner et aI. using quantum-beat spectros-
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copy. Their polarizabilities roughly scale with the sixth
power of the effective principal quantum number and
agree reasonably well with calculations based on the
Coulomb approximation of Bates and Damgaard, ' taking
into account only the contributions of the 6snp 'P~ states.
The Stark effect in the 5d7d 'Dz state, which perturbs the
6snd 'D2 states around n=26, has been studied by Gal-
lagher et al. They observed radio-frequency transitions
to levels designated 6s28s Sp, 6s24f E2, and 6s24f 'F3 in
a weak electric field (up to a few V/cm). However, if the
'F3 level has indeed been erroneously assigned, their inter-
pretation of the results is not valid. Finally, Zimmerman
et al. studied the Stark effect of Rydberg states in the
vicinity of effective principal quantum number n =12 in
strong electric fields (up to 10 kV/cm). As at that time no
detailed MQDT analyses of barium level energies were
available, their interpretation of the experimental data was
limited.

In this paper the results of measurements of the scalar
and tensor polarizabilities of the 6s14d —6s30d 'D2 states
and of the 5d7d 'D2 perturber state, using high-resolution
laser —atomic-beam spectroscopy, will be presented.

II. EXPERIMENTS AND RESULTS

A detailed description of the experimental setup is
presented elsewhere, ' ' therefore, only a brief descrip-
tion, stressing details pertinent to the present experiment,
is given here. Barium atoms in a well-collimated beam are.
excited to high-lying D2 levels by two-step excitation
from the 6s 'Sp ground state via the 6s6p 'Pi intermedi-
ate state. Two frequency-stabilized single-mode cw dye
lasers are used. A Spectra Physics 580 linear laser operat-
ing on the dye Rhodamine-110 excites the first transition
(6s 'Sp~6s6P 'Pi at 553.5 nm) and is locked in frequen-
cy on the center of the ' Ba excitation. For this purpose
the fluorescent light is detected in a separate interaction
region. A Spectra Physics 380 D ring laser operating on
the dye Stilbene-3 is scanned over the excitation profile of
the second transition (6s6P 'Pi ~6snd 'D2, 420—433 nm).
In contrast with broadband excitation of the first step, the
structure of the intermediate level is not reflected in the
recorded excitation profile.

The interaction region of the laser beams and the atom-
ic beam is centered between two field plates (one
stainless-steel plate and one copper mesh electrode) sus-
taining the electric field. The excited atoms are field ion-
ized 2-cm downstream and the detached electrons are
detected by an electron multiplier. During a laser scan,
the electron-multiplier signal and the signal of a calibra-
tion interferometer which provides the frequency scale are
stored by an on-line minicomputer.

In the absence of external fields, the excitation spec-
trum of the isotope ' Ba (natural abundancy 71.7%, nu-
clear spin I=O) consists of a single peak. In an electric
field this peak is split into three components correspond-

ing to the excited-state sublevels with
l

M
l
=0, 1, and 2

(M is the magnetic quantum number). In the low-field
limit, the shift of each sublevel is quadratic in the
electric-field strength. The splittings

l

M
l

=2
—

l
M

l
=1 and

l

M
l
=1—

l

M
l
=0 are in the ratio of

3:1. However, at the field strengths used (up to 50 V/cm
for the 6sl4d'Di state and up to 16 V/cm for the
6s30d 'D2 state) deviations from the quadratic Stark effect
and the splitting rule were observed. This has been ac-
counted for by fitting the shifts with the sum of a qua-
dratic and a fourth-power term, which is the first higher-
order term resulting from the perturbational treatment of
the Stark effect. The polarizabilities are then determined
from the quadratic terms. The effect of contact potentials
between the field plates, effectively causing a bias field
which was not completely constant during the experi-
ments, has been corrected for by performing all measure-
ments also with the polarity of the field reversed.

The resulting values for the scalar polarizabilities (ap)
and tensor polarizabilities (az) are given in Table I. The
earlier results of Fechner et al. are indicated and are in
good agreement with the present data. The errors are
composed of the tripled statistical error in the determina-
tion of the polarizabilities and a systematic error of 3%
due to the calibration of the distance between the field
plates. The labels of the levels are given according to Ay-
mar, but it should be remarked that the level at 41 831.90
cm ' has been relabeled 6S26d D2 in later. analyses. ' '

Since in the hydrogenic model the polarizabilities of
Rydberg states scale with (n*), a convenient way of
representing the polarizabilities graphically is to plot
ap/(n*) and ai/(n*) against n' The e. xperimental re-
sults are plotted in this way in Fig. 1 (the connecting lines
only serve to guide the eye). A highly irregular behavior
is observed, thwarting any attempt to state even an ap-
proximate power law.

III. DISCUSSION

A. General

The shift induced by a weak electric field E, in the en-

ergy of an atomic (sub)state with total angular moment J
and magnetic quantum number M is given by

I &rJIII'll)"J'& I

'
3(2J+1) .~, WrJ 8'rJ— (2)

(J 3M —J(J+ 1)
J(2J —1)

This equation defines the scalar polarizability ao and the
tensor polarizability cx2. The polarizabilities can be ex-
pressed in reduced matrix elements of the electric dipole
operator P as follows:

(J 2( 10
)
i/i J(2J —1)

(2J +3)(J+1)(2J+ 1)

1/2

(3)
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Level energy
(cm ') Designation

Scalar
(this expt)

Tensor
[other (Ref. 20)]

2Polarizabilities [MHz/(V/cm) ]
Tensor

(this expt)

41 162.34
41 315.40
41 417.40
41 500.14
41 567.28
41 622.58
41 668.64
41 707.39
41 740.28
41 768.42
41 792.65
41 813.62
41 831.90
41 841.55
41 851.92
41 864.69
41 876.99
41 888.18

14'D2
15'D2
16'D2
17'D2
18 D2
19 D2
20'D2
21'D2
22'D2
23'D
24'D2
25 D2
26'D

5d 7d 'D2
27'D2
28'D2
29'D2
30'D2

—0.515(20)
—0.0819(27)
—0.131(4)
—0.205(9)
—0.281(12)

1.53{5)
—0.636(20)
—0.680(26)
—0.316(15)

3.75(11)
—10.7(3)
—8.81(26)

—12.8(4)
19.2(6)

—0.876(28 )
—4.44(14)
—7.1(3)
—9.6(3)

—0.371(17)
0.0871(26)
0.142(4)
0.218(9)
0.325( 11)

—0.080(24)
0.684{22)
0.89(3)
1.04{3)
0.101(5)
4.55(14)
4.11(14)
4.07(13)

—3.33(18)
0.895(28 )

3.14(9)
4.99(28)
6.65(21)

0.0885(22)
0.144{5)
0.213(7)
0.328(8)

1.10(4)
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The 6snf F2 series, which does not show any perturbation
except a weak one at n =20, has been derived from a pure
one-channel fit (with linearly energy-dependent quantum
defect) to level energies measured by Armstrong et al. '7

and by Eliel and Hogervorst. ' For n =20, the experimen-
tal level energy has been substituted. The I'3 series was
also taken to be pure 6snf F3', the energies were deter-
mined by graphical interpolation of a quantum defect
versus n plot of levels measured by Carlsten et al. ' and
by Eliel and Hogervorst. ' The F3 series shows a pertur-
bation around n = 11, but appears to be completely unper-
turbed for n & 16.

The pure triplet states ( P2, Fz, and F3) only contri-
bute to the polarizabilities of the 'D2 states insofar as
these are Inixed with triplet states; this concerns the
6s14d 'D2 state and those around n =26.

With these data the contributions of all odd-parity
states discussed to the polarizabilities have been calculat-
ed. The 'E3 states have been omitted at this stage. We
therefore write the polarizabilities of the Dz states:

uo=ao('F3) +ao(rest),

a2 ——a2('F3 )+o2(rest),

and designate the sums of the calculated contributions
a() "(rest) and a2'"(rest).

The one-electron radial integrals R„"I have been deter-
mined with the procedure described by Zimmerman
et aI. which is based on the direct numerical solution
of the Coulombic radial equations. Only those contribu-
tions to the polarizabilities which involve a change in ef-
fective principal quantum number of the active electron
smaller than five have been considered. This corresponds
to a cut-off criterium in energy difference as discussed in
Sec. III A, which is justified both by the energy denomina-
tors in Eqs. (2) and (3) and by the fact that the radial in-

tegrals R„"I decrease very rapidly with increasing hn*
[=

~

n'(n, l) —n'(n', I')
~
]. As a test, some of the calcula-

tions have been repeated with a En*&2 criterium. The
results differ less than 1% from those obtained with
hn ~5 indicating the latter criterium to be on the safe
side.

The results of the calculations of ao(rest) and az(rest)
are given in Table II. For the levels designated 6s14d 'D2
and Sd7d 'D2, the uncertainty in the calculations is large.
These levels are nearly degenerate with the 6s15p P2 and
6s24f F2 levels, respectively, and the error in energy
separation is comparable to the separation itself. For this
reason these two levels have not been considered in further
analysis.

For the remaining states, the differences
b,ao ——ao" ' —ao"'(rest) and b,az ——az ' —a2"'(rest) [see Eq.
(5)] are assumed to be the contributions of the 'Fi states
czQ( F3 ) and ai( 'F3 ), respectively. This assumption can be
tested by comparing 4o.'p and 4o.'2 for each 'D2 state,
From Eqs. (2) and (3) it can easily be derived that

1D 1D

a2 '(J'=1)/ao '(J'=1)= —1,
1D 1D

a2 '(J'=2)/ao '(J'=2)=+1,

1D 1D
Q, 2 '(J'=3)/ao '(J'=3)= —2/7 .

D
Here a '(J') designates the sum of the contributions of a
number of states with total angular momentum J' to the
polarizability of the 'D2 state. In Fig. 2 we have plotted
AAp and ——,hn2 in a way similar to Fig. 1. The good
agreement between the two sets of points confirms the as-
sumption.

TABLE II. Experimental and calculated polarizabilities for D2 states in barium. up{rest) and a2(rest) are defined in Eq. (5).

Level

14'D,
1S'D2
16'D
17 D2
18'D2
19 D2
20'D2
21'D2
22'D
23'D2
24'D2
25'D,
26'D,

5d 7d 'D2
27'D
28'D2
29 D2
30'D2

expt

—0.515(20)
—0.0819{27)
—0.131(4)
—0.20S(9)
—0.281( 12)

1.53(5)
—0.636(20)
—0.680(26)
—0.316(15 )

3.75(11)
—10.7(3)
—8.81(26)

—12.8(4)
19.2(6)

—0.876(28)
—4.44( 14)
—7.1{3)
—9.6(3)

Scalar polarizabilities
[MHz/(V/cm) )

a'"'(rest}

—0.324
—0.0975
—0.156
—0.235
—0.345
—0.493
—0.689
—0.945
—1.28
—1.76
—2.39
—3.75
—8.79
10.4

—0.856
—2.56
—3.76
—4.83

calc
Ap

—0.326
—0.0906
-0.143
—0.208
—0.270

1.54
—0.681
—0.682
—0.303

3.82
—10.9
—8.02

—10.9
11.7

—1.57
—5.17
—7.83

—10.32

expt
CX2

—0.371(17)
0.0871(26)
0.142(4)
0.218(9)
0.325( 11 )

—0.080(24)
0.684(22)
0.89(3)
1.04(3)
0.101{5)
4.55(14)
4.11(14)
4.07(13)

—3.33(18)
0.895(28)
3.14(9)
4.99(28)
6.65(21)

—0.311
0.0971
0.155
0.233
0.341
0.486
0.677
0.922
1.23
1.58
2.07
2.53
2.74

—0.167
0.909
2.53
3.73
4.81

Tensor polarizabilities
[MHz/(V/cm) ]

a2"'(rest) calc
CX2

—0.310
0.0951
0.151
0.225
0.320

—0.094
0.675
0.847
0.957

—0.009
4.50
3.75
3.36

—0.528
1.11
3.28
4.90
6.38
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to reproduce b,ao and b,a2. (For the definition of the pa-
rameters, see e.g., Ref. 28). The contributions of the F3
states are calculated along the lines given in Sec. III B.

The resulting best-fit calculated values for the total po-
larizabilities are included in Table II. Figure 3 shows the
experimental and best-fit theoretical values for the polari-
zabilities of the states included in the fit. The largest de-
viations are observed for states in the vicinity of the
Sd7d 'D2 perturber where a number of channels contri-
bute to the 'D2 wave functions. In general, the agreement
is quite satisfactory. The final MQDT parameter set for
the 'I

3 series is given in Table III.

D. Discussion of the MQDT analysis of the 'E3 series
FICx. 2. Contributions of the 'F3 states to the scalar

[dao/{n ) ] and tensor [ha2/(n*) ] polarizabilities as a func-
tion of n as calculated from the experimental results for the
'D2 states of barium. 0, ~ao/(n*); 0, —

2 ~p/(n )'.

C. MQDT analysis of the 'E3 contributions

Figure 2 now also provides a general idea of the loca-
tion of the 'F3 states with respect to the 'D2 states. Be-
tween the 6s23d 'D2 and 6s24d 'D2 states, the 'I'3 series
crosses the 'D2 series [the sign change corresponds to the
sign change in the energy denominator of the dominant
F3 contributions in expressions (2) and (3)]. Just above

the 6s19d 'D2 state, a relatively isolated 'I'3 state has to be
located which must, however, possess at least some
6snf 'F3 character to cause a non-negligible dipole matrix
element with the 6s19d'D2 state. At the low and high
end of the plot, the curve levels off, indicating that the
separation between the 'F3 and 'D2 states (expressed in
n*) becomes approximately constant. These features can
only be explained by assuming at least two peiturbers in
the 'F3 series; one weakly interacting (corresponding to
the isolated state near the 6s191 'D2 state) and one more
strongly interactt'ng (causing the more gradual crossing
near n =21 between the 6s23d 'Dz and 6s24d 'D2 states).

On the basis of these qualitative observations, a rough
sketch of the 'F3 series has been constructed which serves
to generate starting values for a three-channel quantum-
defect —theory analysis. Both perturbers are assumed to
belong to Sdnl series, and the average of the two Sd limits
has been taken as their ionization limit. The direct in-
teraction between the two perturber channels has not been
considered. The eigenquantum detects p, and the two
remaining interaction angles (9;, assumed to be energy in-
dependent, are varied in a least-squares-fitting routine,
not, as usual, to reproduce experimental level energies, but

The identification of the two perturbers on the basis of
the available data is difficult. Possible perturbers include
5d4f and Sd8p, J=3 states. However, inspection of the
known positions of Sd4f, J= 1 states' suggests that the
5d4f, J=3 states lie below the studied energy range. Our
best guess, based on a comparison with the Sd7p, J=3
states tabulated by Moore, is Sd8p 'I'3 for the perturber
associated with channel 2 and Sd8p D3 for the one associ-
ated with channel 3 (near 6s19d 'D2). The identification
of the perturbers does not affect the calculation of the po-
larizabilities, as only the 6snf fraction in their wave func-
tions contributes significantly to the dipole matrix ele-
ments.

The tentative MQDT analysis which is presented here
can, of course, not be compared with a regular MQDT
analysis based on experimental level energies. Certainly
the predictive power outside the studied energy range is
limited, if only because of the presence of other perturbers
(e.g. , the Sd4f, J=3 states), presumably below the ioniza-
tion limit, which have not been considered. It is,
nevertheless, worthwhile to compare calculated level ener-
gies within the studied range with the scarce existing data.
In Fig. 4 a partial t.u-Pano plot is shown of states con-
sidered in this work. The triangles correspond to the 'D2
states and the circles to the 'I'3 states as calculated with
the parameters of Table III. The squares correspond to
the I 3 states and are included to aid the discussion here-
after.

Qn the left (low-energy) side of Fig. 4, the approximate
energy of the 6s12f 'F3 state which can be extracted from
the data of Zimmeiman et al. , is indicated with a cross.
In a two-step excitation setup similar to the one used in
the present experiment, the 6s12f 'F3 state was observed
through mixing with 6snd states in a strong ( & 1 kV/cm)
electric field. The approximate energy from Fig. 1 of Ref.

TABLE III. Parameters of the tentative three channel MQDT analysis of the 'E, series. The errors
correspond to 67% confidence intervals.

Channel
Label

E;.„(cm—')
p~

1

6snf 'E3

42 034.95
0.08(4)

2
Sd 8p 'F3

47 309.0
0.5571(9)

3
Sd8p D3

47 309.0
0.6084(5)

0.26(2)
0.17(3)

Couples 1 and 2
Couples 1 and 3
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FIG. 3. Experimental and calculated values of o.o/(n*) and
a2(n*) as a function of n* for barium 'D2 states. H, ao

calc. ~ expt. ~ calc
O0 ~ Or &2 ~~&2

0.8
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22 is 41 260 cm '. The deviation from the calculated lev-
el energy amounts to 0.05 to n*.

The crosses on the right-hand side of Fig. 4 do not cor-
respond to measured level energies. They represent the
positions of the 6snf 'F3 states with n = 19, 21, 22, 25, 30,
and 31 as calculated from the parametric analysis of the
hyperfine structure in the corresponding F states of the
odd barium isotopes. ' For n &21, the present analysis
agrees with the general trend in these data points (the bro-
ken line in Fig. 4), although it shows a steeper slope. At
n= 19, the trend in the data points shows a sharp bend, in
clear disagreement with the present results.

The parametric analysis of Eliel and Hogervorst' is
strictly valid only if the F3 series is unperturbed (as well
as the F series). This assumption cannot be maintained
for the 6snf states with n (30, even considering only the
results of the hyperfine-structure analysis itself (viz. , Fig.
4).

The overestimation of the singlet-triplet splitting ap-
parent in Fig. 4 for the 6snf states with n between 22 and
30 (assuming the present analysis to be correct) can easily
be explained. In the hyperfine-structure analysis, the ener-
gies of the 'F3 states are deduced from the repulsion, in-
duced by the spin-orbit and hyperfine interactions, of

6snf F hyperfine-structure sublevels by 6snf 'F sublevels
with the same total angular momentum. The thus calcu-
lated 'F3- F3 energy differences will only be correct if the
perturber fraction in the 6snf states is negligible and all
splittings within the 6snf configuration are much smaller
than the difference in average energy between the 6snf
and 6s(n+1)f configurations. Between n =22 and 30 the
perturber fraction in the 6snf 'F states, according to our
tentative MQDT analysis, does not exceed a few percent,
so that the first condition is approximately fulfilled.
However, the singlet-triplet splitting increases to such an.
extent that it becomes comparable to the 6snf F
6s (n —1)f 'F energy separation. The repulsion of 6snf F
hyperfine sublevels by 6snf 'F sublevels (higher in energy)
is counteracted by the repulsion by the corresponding
6s(n —l)f 'F hyperfine sublevels (lower in energy). The
experimentally observed decrease in the repulsion is inter-
preted in the hyperfine analysis by overestimating the
singlet-triplet splitting.

Near n=20, the F states are positioned just between
two consecutive states of the 'F sequence, and the per-
turber fraction in the singlet states reaches a maximum of
15%%uo. The parametric hyperfine-structure analysis cannot
be expected to yield any meaningful result in this region.

From the preceding analysis it follows that the identifi-
cation of the 6snf 'F3 level reported by Gallagher et al
is inconsistent with the present results as we11 as with the
hyperfine-structure results. The values of the polarizabili-
ties of the 5d7d 'D2 state suggest that the observed rf
transition is from 5d7d 'D2 6s24f F3 —instead.

As a final remark in this section, the combination of an
almost unperturbed F series and a heavily perturbed 'F
series is not surprising. generally, configuration interac-
tion in alkaline-earth atoms is much stronger in singlet
than in triplet series.

IV. CONCI. USION

In the present work we have utilized low-field Stark-
effect measurements of the 6snd 'D2 states in barium to
extract information on the unknown 6snf 'F3 series. The
results indicate the feasibility of Stark-effect calculations
for highly perturbed Rydberg series by combining wave
functions evaluated from MQDT analyses and radial in-
tegrals calculated in the Coulomb approximation. Furth-
ermore, a wider applicability of Stark-effect data than is
usually brought into practice is demonstrated. A compar-
ison with the results of hyperfine-structure measurements
in the 6snf F states suggests a partial explanation for the
behavior of the latter results at low n, in terms of a per-
turbed 'F3 series.

The final test of the present approach is, of course, the
direct measurements of the F3 level positions, which is
feasible, e.g., by absorption measurements from the
metastable 6s5d 'D2 state. Such an experiment is in pro-
gress in our laboratory.
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