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Isotope shifts and hyperfine structures of four transitions in W I have been measured as well as isotope
shifts in Lu I by means of atomic-beam laser spectroscopy. Magnetic-dipole hyperfine constants 3 of
'"W are determined for the atomic states 'D&, 'F&, and 'F3 of the 5d 6s6p configuration. The nuclear
parameters A, and 5(r') are derived for W stable isotopes. J dependences of the isotope shifts are ob-
served for the D term of the 5d6s configuration in LuI and the 'D term of the 5d 6s configuration in
WI. Parameters z,d of the crossed-second-order effects are derived for the LuI Sd6s and WI 5d 6s
configurations, and zsd /A, is found to be 411(26) MHz/fm for W. A systematic behavior of the normal-
ized parameter z„t /A, g„, is discussed.

PACS number(s): 32.30.Jc, 32.70.Jz, 35.10,Fk, 21.90.+f

I. INTRODUCTION

Measurements of isotope shift (IS) and hyperfine struc-
ture (hfs) by means of laser spectroscopy have been inten-
sively carried out over the last decade and yielded impor-
tant information on nuclear structures as well as electron-
ic configurations, electron densities, and atomic struc-
tures [1—6]. Recently, considerable attention has been
paid to the crossed-second-order (CSO) effect associated
with the term and J dependences of IS for the 5d and 4f
elements [7—9]. No systematic behavior, however, has
been found and the CSO effect is far from being well un-
derstood.

For the isotopes of ' ' Lu, which are of a 5d element,
investigators reported measurements of IS and hfs
[10—15]. The hf constants A and 8 were measured for
the ground-state term D of the 5d 6s configuration pre-
cisely by the atomic-beam magnetic resonance [10] and
the F term and the D3&2 state of the 5d 6s 6p
configuration by laser spectroscopy [11—15]. Isotope
shifts of ' ' Lu were also measured for the three tran-
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sitions from the ground-state term D of the 5d 6s
configuration to the upper term F of the 5d 6s 6p
configuration [11—13]. However, no report has been
made for J dependence of IS in Lu I.

For ' W, which is another 5d element, the magnetic hf
constants A have been precisely determined for the
ground-state term D of the 5d 6s configuration and the

S3 state of the Sd 6s configuration by means of the
atomic-beam magnetic resonance [16,17].For the excited
states, the hf constants A for the levels at 20064 and
26 367 cm ' have been measured by means of the Fabry-
Perot spectrometer [18]. As for the IS of W, several mea-
surements were previously made by means of the conven-
tional Fabry-Perot spectrometer with the hollow cathode
[18—22], but no accurate measurement like laser spec-
troscopy has so far been reported. Although Aufmuth,
Steudel, and Wobker [21] reported a large term depen-
dence of IS for the terms S and S of the 5d 6s
configuration in W I and derived parameters z5d of the
CSO effect for the 5d 6s configuration in WI, their
values of z5d are unreasonably large compared with those
of neighboring elements.

Therefore it is most desirable to carry out laser spec-
troscopic measurement of hfs and IS for Lu and % iso-
topes to study J dependence of IS in Sd elements sys-
tematically. We shall report laser spectroscopy of stable
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isotopes of W, along with laser spectroscopy of ' ' Lu,
and discuss J dependence of IS in detail. Our newly
developed Ar-ion-sputtering atomic-beam source has en-

abled this kind of work on refractory elements to be easi-
ly made [23].

II. EXPERIMENTAL METHOD

The present experiment was carried out by means of
laser spectroscopy with the Ar-ion-sputtering atomic-
beam source [23]. The Ar-ion beam generated by an elec-
tron gun was accelerated to 8 keV and focused to about 1

mm on the Lu or W natural metallic target: the isotopic
compositions are 97.39% ' Lu and 2.61% ' Lu for the
Lu target; 28.6% ' W, 30.7% ' W, 14.3%%uo

' W, 26.3%%u%

W, and 0.13% ' W for the W target. Atoms of up to
10" per second were obtained in the laser —atomic-beam
interacting region.

A cw ring dye laser (Coherent 699-29) pumped with an
Ar-ion laser (Spectra Physics 171-19)was operated using
dyes of rhodamine 6G and rhodamine 110 to cover a
wavelength range of 530—620 nrn. To reduce the
Doppler broadening, both the atomic beam and the laser
beam were collimated and the laser beam crossed the
atomic beam perpendicularly. Laser-induced fluorescent
lights focused by a spherical mirror were detected with a
cooled photon-counting photomultiplier (Hamamatsu
R1333) and recorded in a computer. To make accurate
determination of peak separations, a confocal Fabry-
Perot interferometer (FPI) with a free spectral range of
150 MHz was used to produce a set of frequency markers
recorded simultaneously with the fluorescence spectra
from the atomic beam. The experimental setup has been
described in detail previously [23].

III. EXPERIMENTAL RESULTS
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configuration and transitions in WI are from the lower
metastable states of the ground-state term D of the
5d 6s configuration.

Typical fluorescence spectra of 540.3-nm transition in
Lu I and 597.3-nm transition in W I are shown in Figs. 2
and 3, respectively. It is seen from Fig. 2 that the 12 hf
peaks of ' Lu are all observed while there hf peaks of

Lu are overlapped with the large hf peaks of ' Lu. It
is seen from Fig. 3 that peaks of both the even-A and
odd-A W isotopes have been observed being well separat-
ed; even for the isotope ' W with the smallest abundance
of 0.13% the peak has been identified. Three hf peaks of
the odd-A isotope ' W are clearly seen. The full width
at half maximum (FWHM) of the peak was about 45
MHz for Lu and W, which is mainly resulting from the
velocity distribution of the sputtered atomic beam [23].
The background in the spectra is mainly from the sput-
tered atomic beam itself.

Four optical transitions studied for LuI and WI and
related energy level schemes [24,25] are shown in Fig. 1.
Transitions in LuI are from the ground state D3/2 and
the lower metastable state D5 &2 of the 5d 6s

(b)
10000—

LU I

O

&Sg2

5d6s6p

/2

5d 6s6p

D
1

Fs 8

C$

Q

5000
15/2

15/2

15/2

13/a

17/a

15/2

19/2

17/a

0
12

I

14 1S
I I I

18 20 22

Relative frequency (GHz)

0—
3/2

5d6s 5d 6s

FIG. 1. Transitions of interest and related energy level
schemes in Lu I and WI.

FIG. 2. Measured hf spectrum of the 540.3-nm transition in
Lur. The spectrum (a) shows the lower half of the observed
spectrum as a function of laser frequency, and (b) the upper
half. Strong peaks are the hf peaks of ' 'Lu and weak ones
those of ' Lu. Both peaks of ' Lu and ' Lu are labeled with a
pair of the total angular momenta F and F': F for the upper
state; F' for the lower state.
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TABLE II. Measured isotope shifts of ' '"'Lu for four
transitions in Lu I.
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Transition (nm)

573.7
540.3
605.5
542.2

Isotope shift (MHz)

—394.1(13)
—388.8(11)
—418.0(12)
—409.2(12)
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FIG. 3. Measured spectrum of the 597.3-nm transition in

WI. Peaks of even-A isotopes are labeled with isotopic sym-

bols. The hf peaks of the odd-A isotope '"W are labeled with a
pair of the total angular momenta F and F' as in Fig. 2.

TABLE I. Hyperfine structure separations Av and
magnetic-dipole hyperfine constants A determined for ' W.

State
Energy
(cm ')

5v
(MHz)

A (MHz)
Present Previous'

A. Hyperfine interaction

Since the hyperfine structures of ' ' Lu are known
for the ground-state term D of the 5d6s configuration
and the F term of the 5d6s6p configuration [10—13],
here we shall discuss the hyperfine structures of ' W
only.

The atomic nucleus ' W possesses a nuclear spin I =
—,
'

in the ground state. Since the hf interaction for such an
atomic nucleus is given by the magnetic-dipole interac-
tion only [26], the hfs separation b, v between F=J+—,

'

and J —
—,
' is related to the magnetic-dipole hf constant A

by

bv= 3 (J+—,'),
where J is the electronic angular momentum and F is the
total angular momentum of the atom.

The hfs separation Av and hyperfine constants A thus
determined are summarized in Table I for the states D, ,

F&, and F3 of the 5d 6s6p configuration in ' WI. The
previous value A for the F, state at 20064 cm ' is in-

cluded for comparison [18]. It is seen that the present
values A of the 5d 6s6p configuration are very large
compared with those of the ground-state 5d 6s
configuration [A ( DJ)=29—88 MHz] [16,17]. This is

reasonable because the open-shell 6s and 6p electrons of
the 5d 6s6p configuration have much greater contribu-

tions to the constant A, i.e., the atomic magnetic field,
than those of the Sd 6s configuration.

B. Isotope shift

The obtained isotope shifts for four transitions studied
(see Fig. 1) are listed in Tables II and III for Lu and W,
respectively. The isotope shifts for the even-A W iso-
topes were obtained from the relative frequencies of the
peaks in the measured spectra and those of the isotopes

Lu and ' W were deduced from the center of gravi-
ty of the hf splitting. For the 548.8-nm transition in W I,
the peak of ' % was not observed because of its weak in-

tensity. The uncertainty of IS consists of three parts: (1)
the uncertainty of the peak center, (2) the uncertainty
from the frequency calibration of FP spectra, and (3) the
systematic error of the free spectral range of the FPI
(0.02%). To reduce the uncertainty of IS to less than
0.3%, measurements were repeated more than five times.

IV. ANALYSIS AND DISCUSSION

A. Isotope shift

The observed isotope shift 5v;, between isotopes with
mass number A and A

' for a transition i, consists of the
normal mass shift (NMS), the specific mass shift (SMS),
and the field shift (FS). The NMS is calculated easily [27]
while it is very difficult to calculate the SMS. The FS
fiv; Fs is given in the first-order perturbation theory (for
instance, see Ref. [27]) by

"ov, Fs=E,f (Z)A, , (2)

where E; and f (Z) are the electronic and relativistic
correction factors, respectively. The nuclear parameter A,

is related to the changes in mean-square nuclear charge
radii 5( r ) and higher-order contributions [27]:

Cz 4
C

fi(r')+ -fi(r')+ fi(r6)+
C, C)

(3)

where the expansion coefficients C, , Cz, and C3 have
been tabulated by Seltzer [28].

Figure 4 shows King plots for the transitions measured
in WI. Coordinates are given by the modified isotope
shifts fiv,. ' which are defined as [27,29]

5d 6s 6P FI 20 064.30 1098.1(24) 732.1(16)
5d 6s 6p D, 21 453.90 1624.7(15) 1083.1(10)
5d 6s 6p F3 23 047.31 655.9(10) 437.27(67)

'Reference [18].

729(9)
AA' 2

fivi (fivi fivi NMs) 186X 184
(4)

The (5d "6s D, —5d 6s6p F, ) 543.5-nm transition is

chosen as a reference, i.e., 6v5435 is on the abscissa.
Since it is determined by the ratio E,-/E, the slope of the
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TABLE III. Measured isotope shifts of stable isotopes for four transitions in W I.

Transition
(nm) 186-184

Isotope shift (MHz)
184-182 183-182 182-180

543.5
597.3
551.5
548.8

—1582.7(24)
—1601.2(10)
—1384.2(14)
—1614.9(17)

—1829.9(15)
—1850.1(16)
—1597.5(12)
—1862.0(14)

—960.5(15)
—971.3(12)
—837.9(12)
—977.9(13)

—1274.2(19)
—1290.9(14)
—1118.1(21)

B. The nuclear parameter A, and 5( r 2 ) of W

From the derived field shifts, the relative values A, were
extracted [see Eq. (2)] for the W stable isotopes. To ob-
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FIG. 4. King plots of the isotope shifts for the
5d 6s -5d 6s6p transitions in WI. Straight lines are the least-
squares fits; experimental uncertainties are within symbols.

King plot should be the same and equal to unity for the
transitions of the same type: here the ns -nsnp transi-
tions. The slope of the King plot for the 551.5-nm transi-
tion, however, turned out to be 0.862(6), which is
significantly smaller than unity; the other two transitions
of 597.3 and 548.8 nm show their slopes equal to unity
within experimental uncertainties. Such deviation from
unity for the 551.5-nm transition should be attributed to
the large term dependence of IS or the configuration mix-
ing. According to Aufmuth et al. [22], the term depen-
dence of IS should be very small for the F and D terms,
so that strong configuration mixing should exist in the
Di state of the 51 6s6p configuration with which the

551.5-nm transition is associated.
To deduce the field shift from the observed IS, we as-

sume that the 543.5-nm transition is a pure s -sp transi-
tion, adopting the semiempirical evaluation [27] of
SMS=(0.0+0.5) NMS. Then we have the specific mass
shifts and field shifts for the other transitions from the
King plots, which are summarized in Table IV along with
the calculated normal mass shifts. For the 551.5-nm
transition, FS is about 200 MHz larger than those for the
other transitions which have almost the same values of
FS within uncertainties. This feature of the 551.5-nm
transition is also understood as a result of the
configuration mixing in the D, state in question al-

though it is hard at present to describe quantitatively.

tain the absolute value A, we have to know the electronic
factor E; and the relativistic correction factor f (Z). The
electronic factor E, is derived to be 0.4089 for the
5d 6s -Sd 6s6p transition according to Otten [1] using
the hf parameter a6, [17,30] and the screening factor y
[21]. The relativistic correction factor f (Z) is calculated
to be 48.55 GHz/fm according to Ahmad et al. [31] us-
ing the isotope-shift constant C„„;& tabulated for the nu-
cleus of a uniformly charged sphere [32]. The theoretical
uncertainty of 5% (for instance, see Ref. [33]), which re-
sults from the uncertainties of E; and C„„;&,is taken into
account in calculating E,f(Z). Re.lative and absolute
values of A. thus obtained are listed in Table V together
with previous values compiled by Aufmuth, Heilig, and
Steudel [34] for comparison. It is seen from Table V that
the values A, from the present laser spectroscopic mea-
surement agree with those of the previous measurements
[34] which were made using the FP spectrometer
[18—22].

To deduce 5 ( r ) from the values k, the two-parameter
model [1,31] was used. The obtained values 5(r ) for
the W stable isotopes are also presented in Table V. No
values of 5(r ) have previously been reported on W;
Aufmuth, Heilig, and Steudel [34] presented the values A,

only, and Heilig and Steudel [27] simply assumed
A, =5(r').

C. Jdependence of the isotope shift
in the Lu I Sd6s, Sd6s6p,

and W I Sd 6s configurations

The 540.3 and 605.5-nm transitions in LuI belong to
the same upper level F&&2 (see Fig. 1). Therefore the IS
difference between the two transitions should be that be-
tween the lower levels of D3/2 and D5/2, i.e., a residual
level isotope shift T„[3,35], which is a measure of J
dependence of IS within a term. Residual isotope shifts
T„were thus obtained for D5/2 with respect to D3/2 of
the 5d6s configuration in Lu I and also F5/2 F7/2 with
respect to F3/2 of the Sd6s6p configuration in Lu I, and
are presented in Table VI. Similarly, residual isotope
shifts T„were obtained for D2 with respect to D, of
the 5d 6s configuration in W I as presented in Table VII.

The J dependence of IS results from the crossed-
second-order effect or the far-configuration-mixing effect
[7]. The CSO contribution to the isotope shift of a pure
configuration state with the zeroth-order wave function

go and the energy Eo is written as [7]

e.l0 e.
cso

X 0 x
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TABLE IV. Normal mass shifts (NMS), specific mass shifts (SMS), and field shifts (FS) (all in MHz)
of stable isotopes for four transitions in W t.

Transition (nm) 543.5 597.3 551.5 548 ~ 8

NMS

SMS

FS

186-184
184-182
183-182
182-180
186-184
184-182
183-182
182-180
186-184
184-182
183-182
182-180

19.2
18.7
9.3
18.3
0(9)
0(9)
0(5)
0(9)

—1602(10)
—1849(9)
—970(5)
—1292(9)

17.5
17~ 1

8.5
16.7

—7(13)
—7(13)
—3(7)
—7(13)

—1612(13)
—1861(13)
—976(7)

—1301(13)

18.9
18.5
9.2

18.1
—23(13)
—22(13)
—11(6)
—22(13)

—1381(13)
—1594(13)
—836(7)

—1115(13)

19.0
18.6
9.2

—22(22)
—22(22)
—11(11)

—1612(22)
—1859(22)
—976(11)

T„—hcsdz5d (6)

For the 5d6s configuration in Lu I, the DJ state
should be a pure LS coupling state consisting of the 5d
electron only; and then we have Ac~d =2.5. The pararne-
ter zsd thus obtained for the 5d6s configuration in Lu I

is presented in Table VI. For the 5d 6s6p configuration in
Lu I, configuration mixing and intermediate wave func-
tions should be considered and CSO contributions from
the 6p electron should be included. Because no informa-
tion about the wave functions is available for the F~
state, it is impossible to make further analysis for the
5d 6s6p configuration in Lu I.

where P„and E„are the zeroth-order wave functions and
the energies of other configurations, respectively. Q
represents the operator of the electrostatic interaction or
the magnetic interaction of all electrons; 0 represents the
IS operator. The sum ranges over all states x of all other
electronic configurations. The CSO effect between the
electrostatic interaction and IS operators leads to the
term dependence of IS in a pure configuration, whereas
the CSO effect between the magnetic interaction and IS
operators leads to the J dependence of IS in a term of the
pure configuration.

The J dependence of IS is described by one parameter
z„I with the angular coefficient c„t that is the same as the
one entering into the spin-orbit interaction energy [7].
Accordingly, the residual IS T„within a term for the
5d 6s configuration can be written as

For the Sd 6s configuration in WI, since the inter-
mediate wave function is not known for the DJ level, we
have calculated Ac5d, assuming the DJ level to be a pure
LS coupling state. The values zsd derived for different
isotope pairs are listed in Table VII; those obtained by
Aufmuth, Steudel, and Wobker [21] are also included in
Table VII for the isotope pairs of 186-184 and 186-182.
The latter values are about 3.5 times larger than the
present values. It should be pointed out, however, that
Aufmuth, Steudel, and Wobker deduced their values of
z,d from the six levels belonging to different terms of the
5d 6s and 5d 6s configurations, where a fit procedure
involving large term dependences for S and S had to be
used [21], as they mentioned, their determination by
means of the fit procedure is subject to large uncertainties
since large alterations of z~d have almost no influence on
the results of the fit. In contrast, we have obtained the
present values z~d directly from the ground-state term 'D
of the 5d 6s configuration in W I without any uncertain-
ty inherent in the fit procedure.

To see contributions of the field shift and the specific
mass shift in the CSO effect, we divide the values z,d of
the Sd 6s configuration in W I by the nuclear parameter
k; the results are listed in Table VII. It is seen that the
values z5d/A, are constant for different isotope pairs
within uncertainties. This indicates that the field shift
has dominant contribution and the SMS is negligible in
the CSO effect. An average value of z,d /A. is obtained to
be 411(26) MHz/fm .

TABLE V. Derived relative and absolute values of nuclear parameters k and changes in mean-

square nuclear charge radii 5( r ) for W.

Isotope
pair

Relative A,

Present Previous'
Absolute A, (fm )

Present Previous'
5(r')
{fm )

186-184
184-182
183-182
182-180

'Reference [34j.

1

1.1542(40)
0.6056(21)
0.8071(42)

1

1.154(4)
0.607(5)
0.808(23)

0.0807(41)
0.0931(47)
0.0489(25)
0.0651(33)

0.084(7)
0.097(8)
0.051(5)
0.068(8)

0.0852(44)
0.0986(51)
0.0518(27)
0.0683(35)
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TABLE VI. Residual isotope shifts T„and CSO parameters

zsz for the 5d6s and 5d6s6p configurations in Lu r.
I I I I

Configuration Level T„(MHz) zsg (MHz) 30—
CQ

I

5d6s2

5d 6s6p

2D
2
Ds/2

4
F3/2

4
Fs/2

'F7/2

0
28.2(16)
0
4.7(17)

12.5(24)

11.28(64)
rs —g

10—

D. Systematic behavior of the normalized parameter z„i /A, g„l

I

2 3

Element Lu

I I I I I II I I

4 5 B 7 8 9 io 11 12

Hf Ta W Re Os Ir Pt Au

Recently, attempts have been made to see the general
behavior of the CSO parameters for the 4f and 5d ele-
ments [8,9]. Kronfeldt, Ashkenasi, and Nikseresht [8] re-
ported that values of z«/A, had the same trend as the
spin-orbit radial integral (4f, and that those of z4f /A$4f
lay in the same order of magnitude for the 4f elements
and increased slightly with increasing nuclear mass num-
ber. Sawatzky and Winkler [9] compared values of z,z/A,
for the 5d elements and pointed out that the scattering of
the values z/A, apparently needs further consideration.
Using the presently observed values for Lu and W and
the previous values for other elements, we have noted an
interesting systematic behavior of the CSO parameter.

The CSO parameter z„i consist of the spin-orbit (mag-
netic) interaction and the IS (FS and SMS) effect [see Eq.
(5)). The spin-orbit interaction is expressed by the spin-
orbit radial integral g„l and the FS contains a nuclear
part expressed by the nuclear parameter A.. Since the
SMS is negligibly small in the CSO effect, z„I is expressed
as

nl nl norm~knl

where the normalized parameter z„i„„should be in-

dependent of the nuclear part and the spin-orbit (magnet-
ic) interaction, and only depends on the electronic wave
function in the CSO effects [8]. Here we shall discuss the
systematic behavior of this normalized parameter
z„(/Xg„,

For the 5d elements, the values z5& in the (5d+6s)
ground-state configuration have already been reported for
Hf, Re, Os, Ir, and Pt [9,36—39]. Using the values A,

given by Aufmuth, Heilig, and Steudel [34) for Hf, Re,
Os, Ir, and Pt, and values /san presented by Biittgenbach

FIG. 5. Normalized parameters z,„/A, g~„ for Sd elements in

the (Sd+6s) ground-state configuration. N is the number of
electrons in the configuration. The solid line is the least-squares
fit of a quadratic function to the data; the data on W obtained

by Aufmuth, Steudel, and Wobker [21] (open square ) were

neglected in the fit.

[30], the values z5&„„are obtained and the results are
shown in Fig. 5. The data reported by Aufmuth, Steudel,
and Wobker [21] for W are also shown in Fig. 5 for com-
parison. By neglecting the data point of Aufmuth, Steu-
del and Wobker for W, it is seen from Fig. 5
that z5& „„changes systematically as a function of the
number of electrons N in the ground-state configuration
in such a way that it increases with decreasing the num-
ber of electrons (or holes) occupying the shell of the
ground-state configuration.

We have made a least-squares fit to the data with a
quadratic function a (N b) +c, wh—ich is shown with a
solid curve in Fig. 5: a =0.50(12), b =7, and
c =5.94(41). The parameter b corresponds to the num-
ber of electrons in the midshell with the orbital angular
momentum I, i.e., b =(2l+I)+2, where an additional
number 2 is the occupation number of the s shell; and
(N b) is a measu—rer of the degree of freedom of elec-
trons. Here the degree of freedom may be defined by
(N —b) /(1 b) with respe—ct to a single electron (or
hole). Such a systematical behavior of z„i„,„ is also
found for the 4f-shell elements, as shown in Fig. 6, when
the normalized parameters z4f /A. $4f [8,40] are plotted
for the (4f +5d +6s) ground-state configurations. The

TABLE VII. Residual isotope shifts T„of the D2 state and CSO parameters zsz for the 5d 6s'
configuration in W I.

Isotope
pair

186-184
186-183
186-182
186-180

T„(MHz)
5D 5D2

16.7(26)
25.2(32)
35.2(39)
50.3(46)

Present

33.4(52)
50.4(63)
70.3(77)

100.6(93)

z5$ (MHz)
Aufmuth, Steudel, and Wobker'

114(18)

249(24)

zsg /A,

(MHz/fm )

414{67)
403(55)
405(49)
421(44)

'Reference [21].
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3.0 tion between electrons and the nucleus is much weaker
for the f shell than for the d shell.

8.5
V. SUMMARY

C)
I

20

1.5

N

I I I

4 6 8

Element Ce Nd Sm

I I

io 12

Gd Dy

I

14

Er

FIG. 6. Normalized parameters z4f /A, (« for the rare-earth
elements in the (4f + 5d + 6s) ground-state configuration. The
solid line is the least-squares fit of a quadratic function to the
data.

solid curve is a quadratic fit to the data: a =0.057(2),
b =9, and c = l. 16(3). We conclude that z„t„„,i.e, . the
CSO effect, is proportional to the degree of freedom of
electrons (or holes) in the ground-state configuration.

It should be noted that the absolute value of z4f „„ is
one order of magnitude smaller than that of z,d „„
This is considered to be due to the fact that the f shell is
farther from the nucleus than the d shell and that interac-

We have succeeded in making laser spectroscopic mea-
surement of WI and LuI. The hf constants A of ' W
have been determined for the three states F„D„and
F3. The relative and absolute values of A, and the values

of 5(r ) have been derived for the W stable isotopes, and
J dependences of IS clearly seen for the D term of the
5d6s configuration in Lu I and the D term of the 5d 6s
configuration in W I. The CSO parameters z5d have been
derived for the Lu I Sd6s and the W I Sd 6s
configurations. The quantity of zsd /1, is found to be con-
stant for W isotopes, being 411(26) MHz/fm . This
means that the field shift has dominant contribution in
the CSO effect. It is found that the parameter z„I„„ for
the 5d and 4f elements is proportional to the degree of
freedom of electrons (or holes) in the ground-state
configuration.
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