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The atomic-beam laser-rf double-resonance technique has been used to make precision measurements
of the hyperfine structure (hfs) splittings in the 5d%6s23F; (J =2-4) states in ""'Hf1. By making
corrections to the second-order hfs effects, magnetic dipole ( 4), electric quadrupole (B), and magnetic
octupole (C) hfs constants are obtained for the F; states in !”7!"Hf: The constant C has a strong J
dependence as well as does 4 and B; the isotopic ratio of the constant 4 between ""Hf and !°Hf has a
significant J dependence, indicating J-dependent hyperfine anomalies, while that of the constant C is in-
dependent of J within experimental uncertainties, which is taken to be the ratio of the nuclear-ground-
state magnetic octupole moments Q, i.e., Q('77Hf)/Q('""Hf)=—0.41(9). It is also pointed out that
there is a clear indication of nuclear-spin dependence of the isotopic ratios of C. The single-electron hfs
parameters of the 5d electron for the 5d%6s? configuration in HfI are obtained, and the Sternheimer

shielding factor Rs; = —0.397(8) is derived.

PACS number(s): 32.10.Fn, 32.30.Bv, 31.30.Gs

I. INTRODUCTION

The only two odd-mass stable hafnium isotopes are
7Hf and '""°Hf with nuclear spins I =7 and 2, respec-
tively. The atomic ground state is 5d26s23F,, and there
are low-lying states 3F; and F,. As is commonly the
case with the 5d elements, the hafnium atom has many
low-lying levels below 3X 10* cm™! that are members of
the odd-parity configurations as well as the even-parity
ones [1]. Probable mixings from the open s shell of 5d 36s
may lead to significant hyperfine anomalies as well as
configuration-interaction effects in the ground-state
configuration 5d26s2. Detailed optical studies of the
hyperfine structure (hfs) of "’Hf and !"Hf will provide
key information to analyze hyperfine spectroscopic data
on other Hf isotopes not only from the atomic spectro-
scopic point of view but also from the nuclear spectro-
scopic point of view. The Sternheimer shielding effect of
the core electrons [2,3], for example, must be evaluated
precisely. They will also be a good example to study the
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dependence of hfs constants on nuclear spin I as well as
electronic angular momentum J.

For Hf, only a few hfs measurements have been report-
ed so far; this is because Hf is a refractory element whose
atomic beams are difficult to produce stably.
Biittgenbach and co-workers [4,5] reported hfs measure-
ments for the ground state 5d26s%°F, in !""!"Hf and
later [6] for the 5d26s23F3 and 3F4 states in "Hf by
means of the atomic-beam magnetic resonance (ABMR)
technique. Hyperfine structures for the three optical
transitions have recently been measured using the laser-
ablation atomic beam [7,8] and the resonance gas cell
methods [9]. Very recently, Zimmermann et al. reported
hfs and isotope shift measurements of 14 transitions from
the 5d2%6s? configuration by means of laser spectroscopy
using an electron bombardment technique [10]. We have
confirmed their data on hfs and isotope shift by using our
powerful and stable atomic-beam source [11,12].

Hyperfine structures in Hf I are, however, not well un-
derstood even for the ground-state term 3F, and no data
are available for the 5d26s?3F, and 3F, states in !7"HIf.
The nuclear quadrupole moments of !’”!7°Hf obtained by
Biittgenbach et al. [5] deviate largely from the values of
muonic x-ray measurements [13], and the Sternheimer
shielding factor of 77!"Hf obtained by Tanaka et al.
[14] seems unreasonably large compared to those of
19,1931 another 5d element, and those of rare-earth ele-
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ments [14].

In this paper, we shall report high-precision hfs mea-
surements for the 5d26s? configuration in 17" '"Hf 1 using
the laser-rf double-resonance (LRDR) method pioneered
by Ertmer and Hofer [15], which enable us to discuss the
configuration mixing, the Sternheimer shielding effect,
the hyperfine anomaly, and nuclear quadrupole and octu-
pole moments in detail.

II. EXPERIMENTAL METHOD

The present experiment was carried out by means of
the LRDR method. The Hf atomic beam was produced
using the Ar-ion-sputtering method [11,12]. The Ar-ion
beam generated by an electron gun was accelerated to 8
keV and focused to about 1 mm? on the Hf natural metal-
lic target: the isotopic compositions are 0.16% !7*Hf,
5.2% '"°Hf, 18.6% '""Hf, 27.1% '"®Hf, 13.8% '"°Hf, and
35.2% '*°Hf.

The laser beam from a cw ring dye laser (Coherent
699-29) that was optically pumped by an Ar-ion laser
(Spectra Physics 171-19) with rhodamine 110 was split
into two beams, i.e., pumping and probe lasers. To
reduce the Doppler broadening, both the atomic beam
and the probe laser were collimated and the pumping and
probe lasers crossed the atomic beam perpendicularly.
Fluorescences induced by the probe laser were collected
and focused on a cooled single photon-counting pho-
tomultiplier (Hamamatsu R1333) with a spherical mirror.

A 3-cm-long wire (rf loop) was placed between the
pumping and probe lasers parallel to the atomic beam to
produce an rf field. The ratio frequency was generated by
a synthesizer (HP8341B), and the rf power applied was
less than 30 mW at the terminal connected to the wire,
which was far below the level that gave rise to power
broadenings and shifts. To cancel the stray magnetic
field in the rf region, three pairs of Helmholtz coils were
used in three dimensions. The experimental setup and
the way of LRDR measurements work have been de-
scribed in detail previously [16,17].

III. EXPERIMENTAL RESULTS

Figure 1 shows three transitions and related energy-
level schemes studied in this experiment. The first transi-
tion is from the ground state 5d26s%°F,; and the second
3F; at 2356.68 cm ™! and third °F, at 4567.64 cm ™! are
both transitions associated with the excited states of the
5d%6s6p configuration [1]. Hyperfine structure com-
ponents of the 555.06-, 537.39-, and 545.29-nm optical
transitions were used for the LRDR method to precisely
determine the hfs splittings in 3F,, 3F;, and *F,, respec-
tively.

First, we carried out laser-induced fluorescence mea-
surements for the three transitions by scanning the laser
frequency without the pumping laser. A typical spec-
trum measured for the 555.06-nm transition is shown in
Fig. 2. The observed linewidth of a single hfs peak was
about 35 MHz at full width at half maximum (FWHM).

On the basis of the present optical measurements, we
carried out the measurement of LRDR for the F); states
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FIG. 1. Transitions studied and related energy-level schemes
in Hf 1.

in "71Hf1. The hfs splittings of the lower and upper
states of the 555.06-nm transition are shown in Figs.3(a)
and 4(a) for '""Hf and '7°Hf, respectively. The lower F,
states have four hfs splittings to be determined for both
THf and '”Hf. A typical rf-resonance spectrum ob-
served for !"7Hf is shown in Fig. 3(b) for the hfs splitting
F—F'=3—1in 3F,; the laser frequency was fixed at the
hfs transition 3 (°F,)-1 (°G,), as shown in Fig. 3(a),
where F is the total angular momentum of the atom. A
typical rf-resonance spectrum observed for '"’Hf is shown
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FIG. 2. Laser-induced fluorescence spectrum of the 555.06-
nm (*°F,-°G,) transition in HfI. Peaks of even-mass isotopes
are labeled with isotopic symbols. The hfs peaks of odd-mass
isotopes ""Hf and "Hf are labeled with a pair of the total an-
gular momenta F (the lower state) and F' (the upper site) [see
Figs. 3(a) and 4(a)].
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in Fig. 4(b) for the hfs splitting F —F'=1.— 13 in ’F,; the
laser frequency was fixed at the hfs transition u (3F2 )=
(°G,), as shown in Fig. 4(a). The observed resonance
peak width (FWHM) is about 140 kHz for '7"Hf [Fig.
3(b)] while it is about 120 kHz for ’Hf [Fig. 4(b)]; these
resonance widths are mainly from the limited transit time
of atoms in the rf field and also from the residual Zeeman
broadening caused by the remnant magnetic field in the rf
region [16]. The discrepancy between the peak widths
for "”7HF and !'"Hf is due to the different residual Zee-
man broadening caused by the different nuclear spin and
angular momentum F of the related hfs levels.

By tuning the laser frequency to other hfs transitions

[see Figs. 3(a) and 4(a)], the rf-resonance spectra were
measured for all hfs splittings in °F, (J=2-4) of
7. 179Hf, except the hfs splitting F —F'=1—23 in 3F, for
'Hf whose corresponding fluorescence peak was too
weak. The zero-field hfs splittings were thus determined
with great precision by making a least-squares fit of a
Lorentzian function to the experimental rf-resonance
spectrum. Table I lists the determined hfs splittings.
Previous values for the 3F, state measured by the ABMR
[S] are also given for comparison. The sign of the hfs
splittings (level ordering) was determined from the
fluorescence spectra measured because the rf measure-
ment is completely insensitive to the sign.

TABLE 1. Zero-field hfs splittings Av measured by the LRDR method for the *F; states in 7" !°Hf 1.
Previous values for the *F, state are listed for comparison. Columns 4 and 6 give the difference be-
tween observed frequencies corrected for second-order hfs effects (Expt.) and calculated ones (Fit) using
the corrected hfs constants in Table II for !"Hf and '°Hf, respectively.

T 1194
Av (Expt. —Fit) Av (Expt. —Fit)
State F—F (kHz) (kHz) (kHz) (kHz)
’F, -3 4862.89(31) 0.25
4 863.56(32)
-1 162 887.27(35) —0.56 —558670.75(61) 0.68
162 886.85(15)* —558671.74(24)*
-2 447008.41(25) 0.14 —541909.48(55) —1.04
477008.47(21)2 —541910.44(7)°
-4 991792.28(38) —0.04 —392 848.44(36) 0.32
991792.02(24)* —392 847.75(37)*
L5 —82131.15(25) —0.02
—82132.14(60)?
3Fy 12 —26074.62(95) —0.42
3-3 —4224.51(85) —1.30 —320992.3(20) —0.61
%—% 76 482.36(66) 0.07 —395075.3(21) 1.05
% — % 239 588.76(50) 1.08 —414 844.4(10) 0.26
-4 508 632.03(48) —0.94 —364776.8(12) —1.07
41 907 138.88(65) 0.40 —229354.0(12) —0.75
B_1s 6916.5(10) —0.11
’F, -3 —77362.7(11) 1.17
-3 —92390.41(81) 1.06 —337533.8(22) —043
% — % —52595.46(80) —1.30 —421949.0(23) 1.94
-3 63 960.32(70) —0.67 —445771.3(17) —0.80
-4 279 208.08(79) 1.46 —424533.4(17) 0.35
%—l; 615069.12(80) —0.47 —313785.7(23) —1.54
B-L 1093 465.0(15) 0.15 —109 069.4(20) 1.26
% — l27_ 204 047.0(18) —0.29

“Reference [5].
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FIG. 3. hfs splitting schemes of ""Hf (a) and measured rf-
resonance spectrum for the zero-field hfs splitting
F—F'=32—1in’F, of "Hf (b).
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FIG. 4. hfs splitting schemes of '"Hf (a) and measured rf-
resonance spectrum for the zero-field hfs splitting
F—F'=.1—1in3F, of "°Hf (b).

IV. ANALYSIS AND DISCUSSION

A. hfs constants A, B, and C for the
5d%6s23F; (J =2-4) states

Since the LRDR measurement yields the hfs splitting
precise enough for correction of the order of kHz to be
taken into account, the correction for second-order hfs
effects should be made to determine hfs constants from
the observed hfs splittings. The energy shift of a hfs state
due to the second-order hfs effects from other hfs states
with the same angular momentum F is given by

]<¢,IF1H},{S|<P'IF>|2

8E (¢,IF)= )
4 ¢é¢) E‘P_E'P’

where Hy; denotes the hfs Hamiltonian, |@,IF) the
wave function of the hfs state, and ¢ and E o the wave
function and energy of the fine-structure state, respective-
ly The matrix element {@,IF|H,|x'IF) was given by
Childs [18] for the pure LS coupling scheme of the /¥
configuration.

To calculate the matrix element {@,IF|H|@',IF),
the single-electron hfs parameters a,; ' for the magnetic
. . k .k, o )
interaction and b,/ ' for the electric interaction [18,19]
have to be evaluated. For the 5d26s2 configuration, the

(1)

experimental magnetic-dipole hfs constants 4 and
electric-quadrupole ones B are written as [20]
AN =ad(Nad+ali(Nald+all(Nall , )
B =BANbL+BL(bY+Bi(IbL €)

where a];jik’ and B:f,k’ are the angular coefficients [21].
First, using the observed hfs splittings in Table I, the
magnetic dipole ( 4), electric quadrupole (B), the mag-
netic octupole (C) hfs constants were evaluated approxi-
mately, the results for the *F;(J =2-4) states in """ 1""Hf
are given in Table II (uncorrected) in which the previous-
ly reported values [5,6] for *F, in "HF and ’F,
(J=2-4) in "Hf are included for comparison. The
values of A4 and Bkvlgere used tko obtain the single-electron
hfs parameters ds5 ' and bs'. The observed hfs split-
tings in 3F, (Table I) were thus corrected for second-
order hfs perturbations, where the pure LS coupling
scheme was used and perturbation by the other hfs state
within the 5d26s? configuration was considered. The hfs
constants 4, B, and C were obtained from the corrected
hfs splittings (Expt.) and the results are also listed in
Table II (corrected) for the *F, (J=2-4) states in
7.179HF, and the previous corrected values [5,6] are in-
cluded as well for comparison. From Table I, it is seen
that the present measured hfs splittings of !7”!'"Hf for
3F, are slightly different from the previous measurements
[5] to such an extent that the uncorrected 4, B, and C
values deviate from the previous ones (see Table II). This
is probably because we measured hfs splittings in the zero
field; they extracted the splittings from the Zeeman split-
ting measurements (ABMR) [5]. It should also be point-
ed out that the correction for the second-order hfs effects
S8E should have been different from that in the previous
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TABLE II. Magnetic dipole ( 4), electric quadrupole (B), and magnetic octupole (C) hfs constants determined by the LRDR
method for the 5d6s>3F; states in '""Hf and ""Hf. Uncorrected constants are those obtained from the observed hfs splittings;
corrected constants are those obtained from the hfs splittings corrected for the second-order hfs effects.

hfs Uncorrected Corrected
State  constants ’F, 3F, ’F, ’F, °F, ’F,
UTHf A4 (MHz) 113.43348(4) 80.706 77(6) 69.03997(7) 113.43329(4) 80.706 64(6) 69.039 73(7)
113.43331(3)* 113.43314(7)*
B (MHz) 624.33319(42) 823.9546(11) 1432.783 3(20) 624.33013(42) 823.9494(11) 1432.773 5(20)
624.33437(30)* 624.3293(13)
C (kHz) —0.38(3) —1.28(9) —0.78(19) 0.17(3) 0.23(9) 0.50(19)
—0.37(3)? 0.27(18)*
Hf A4 (MHz) —71.42848(4) —50.804 84(10) —43.45636(13) —71.428 84(4) —50.80491(10) —43.45637(13)
—71.428 67(4)* —50.806 1(17)° —43.456 3(15)° —71.42891(9)? —50.806 1(17)® —43.456 3(15)°
B (MHz) 705.524 87(61) 931.103 5(24) 1619.1103(42) 705.51825(61) 931.0909(24) 1619.097 1(42)
705.52692(56)? 931.113(42)° 1619.128(55)° 705.518 1(24)* 931.100(42)° 1619.100(55)°
C (kHz) —1.19(5) —1.81(25) —2.51(50) —0.41(5) —0.60(25) —1.19(50)
—1.16(5)* —0.43(20)?

#Reference [5].
"Reference [6].

study [5] because of the Zeeman splittings. This is con-
sidered to be the reason why the errors of the present
corrected A, B, and C constants for 3F, are significantly
smaller than those of the previous ones [5] (see Table II).

To check the second-order hfs corrections, the hfs
splittings were recalculated using the corrected hfs con-
stants 4, B, and C listed in Table II and, the differences
between the experimental hfs splittings corrected for the
second-order hfs effects (Expt.) and calculated ones (fit)
were obtained as listed in Table I for 3F; (J =2-4) in
17.179Hf. 1t is seen from Table I that the differences are
very small, being around 1 kHz, the same order of magni-
tude of uncertainties. It should be pointed out, however,
that the differences uncorrected for second-order hfs per-
turbations are large, being 1-6 kHz. This shows that the
corrections for the second-order hfs effects are important
in precision measurements. It is also found from Table I1
that the corrections have small but significant effects of
the order of (2—10)X 107 % on the hfs constants A and B
while so remarkable effects (50—160 %) on the constant
C.

Although Biittgenbach et al. [5] used four parameters
A, B, C, and D (electric hexadecapole interaction) in
fitting, we have found it meaningless to include the D pa-
rameter because the deduced D parameter has the same
order of magnitude of uncertainties. As was pointed out
by Childs [22], the fitting with the four parameters made

no improvement in reproducing the experimental fre-
quencies.

B. Isotopic ratio of the hfs constants 4, B, and C
for 77Hf and '"°Hf

From the corrected hfs constants 4, B, and C, the iso-
topic ratios for !”’Hf and !"Hf were obtained as summa-
rized in Table III. A hfs anomaly that is well approxi-
mated to the relation [23]

177 A179 = A (\77mf) g (°Hf)
A (179Hf) gl( 177Hf)

4)

was also evaluated using the nuclear g factors g, obtained
by Biittgenbach et al. [5], and are listed in Table III. Al-
though values of the hfs anomaly are hardly determined
to be accurate enough to discuss in detail due to the large
uncertainties of g; [5], it is interesting to note that the ra-
tio of A (1"7Hf)/ A (V"°’Hf) has a significant J dependence,
indicating J-dependent hyperfine anomalies. Since the
hyperfine anomalies are considered to be important only
in configurations involving unpaired s (or p, ;) electrons,
the observed J-dependent hyperfine anomalies are result-
ing from the different admixtures of 5d36s configuration
in the 5d26s? configuration, which are of an order of
magnitude of 1% depending on J [24,25]. The J depen-

TABLE III. Isotopic ratios for the hfs constants 4, B, and C, and hyperfine anomaly "’A!"° for the
5d%6s?3F, states in "7Hf and "Hf. The numbers in the parentheses after 4 and B indicate the mass

number.

State A(177)/ A(179) B(177)/B(179) C(177)/C(179) 17TA1L79
°F, —1.588060(1) 0.884924(1) —0.41(9) —0.002 4(21)
’F, —1.588 560(3) 0.884929(3) —0.38(22) —0.002 1(21)
’F, —1.588 814(5) 0.884921(3) —0.42(24) —0.0020(21)
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dence of the ratio 4 ('""Hf)/ A (!"”Hf) has an order of
magnitude of 0.03% (see Table III), and the J dependence
of the admixture of 5d36s has an order of magnitude of
0.3% [25]. Relatively speaking, this is consistent with
the case of Ir [26]: The J dependence of the ratio
A (Pr)/ A (**3Ir) in the *F term of 5d76s% has an order
of magnitude of 0.3%, and the J dependence of the ad-
mixture of 5d%6s has an order of magnitude of several
percent.

As is seen from Table III, the isotopic ratios for B and
C are constant for the *F, (J =2-4) states within uncer-
tainties. This is in accord with the hfs measurements of
I5LIS3Ey by Childs [22]. It should be mentioned, howev-
er, that unlike the case of '>"!*Eu where the isotopic ra-
tio of C is close to unity [22], the constant C has a strong
J dependence for both 7"Hf and "’Hf (see Table II): The
absolute values of the constants C are likely to increase
with J for both "7Hf and ""’Hf and they have opposite
signs, corresponding to the signs of the constants 4.

The isotopic ratio of C for !""Hf and !"’Hf is probably
taken as the corresponding isotopic ratio of the nuclear
ground-state magnetic octupole moments Q [22], i.e.,

Q") C(YTHf)

= =—0.41(9) .
Q('°Hf) C('°Hf) ®)

(5)

Here we adopt the ratio for *F, because experimental er-
rors for °F, and °F, are too large. Evaluation of Q for ei-
ther 77Hf or 7°Hf alone is very difficult at present, since
we need to know the effective value of {7 ~>)s,, which is
likely to be strongly perturbed by octupole shielding or
antishielding analogous to the well-known Sternheimer
shielding for the quadrupole interaction [22].

The present investigation provides a clear indication of
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the nuclear-spin dependence of the magnetic octupole hfs
constant C along with the case of 7>!7Lu [27]. Table IV
summarizes the known octupole hfs constants and their
isotopic ratics together with the data on Lu and Hf for
comparison. As is seen from the table, the isotopic ratios
for relatively large mass atoms are rather close to unity,
except for Lu and Hf whose nuclear spins are different
between their isotopes, respectively. It seems hard to ex-
plain the nuclear-spin dependence of the magnetic octu-
pole hfs constants observed for Lu and Hf in terms of the
nuclear single-particle model [28].

C. The Sternheimer shielding effect

To estimate the Sternheimer shielding effect for the
electric quadrupole interaction [2,3], the single-electron
hfs parameters as;' and bs,' for the 5d%6s’
configuration were deduced for '7"°Hf using Egs. (2)
and (3) from the corrected hfs constants A4 and B of the
states °F ', (J =2-4) listed in Table II. For simplicity, the
angular coefficients a;(f,kl and Blscfzkl were calculated using
the intermediate coupling wave functions given by
Biittgenbach Dicke, and Gebauer [6]. Final values of
a?f, "and b’;fik’ for the 5d%6s? configuration are presented
in Table V for !7"!°Hf, and the previous values [6] for
79Hf are included for comparison.

By neglecting the configuration-interaction effects
(configuration mixings), the relativistic parameters a s} '
and b5 ' can be related to the nonrelativistic parameters
asqg and bsy [21], ,Eespec,:(tikvely. According to Biittgenbach
and Meisel [4], as5 '(bsy ') are related to asy(bsy) as fol-
lows:

TABLE IV. Known magnetic octupole hfs constants C and their isotopic ratios together with their

nuclear information.

Nuclear configuration Nuclear C

Isotope  Proton Neutron spin and parity (Hz) Ratio of C Ref.
3¢l dsy ) %* —6.9(12) 1.28(36) [28]
1C1 dsy) %* —5.4(12)
“Ga DPin - 84(6) 0.73(7) [29]
Ga D3 3= 115(7)
Br Pin 3 388(8) 0.90(3) [30]
81Br )29 3- 430(8)
s 1} 9,2 3 1728(45) 1.02(3) [31]
151n g9, 2 1702(35)
Blpy ds, 3t 0.87(6) [22]
1S3y ds;,, s +
TLu gy I+ —135(23) 0.21(7) [27]
17614 21,2 fin 7" —654(175)
177 17—
mﬁi zf, Z z §+ _gjzg; ~0.41(9)  Present
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k k k k
TABLE V. Single-electron hfs parameters as5 ' and bs5 ' in MHz obtained from hfs constants 4 and B for the 5d26s?
configuration. Previous values for '"’Hf (Ref. [6]) are given for comparison in the bottom row.

Isotope a%y asa asq bsa bsa bsa
1T7Hf 85.7053(2) 23.2453(15) 15.7596(7) 4662.694(5) 2324.645(25) —882.206(9)
19 Hf —53.9503(3) —14.7006(26) —9.9052(12) 5269.049(9) 2627.073(53) —996.966(17)

—53.95 —14.68 —9.90 5269.04 2626.94 —996.90

ad =1.0556as;, al}=1.140las,;, aly=-—0.0273as, ;
(6)
b =1.1111bs,, bl}=0.4444b,,, bii=—0.076bs, .

The ratios of ai3/a%, all/ad, b33 /b%, and b1l /6%
obtained from the above relations considerably deviate
from the present experimental values, particularly for
al9/a? (see Table V). This fact also shows that the
configuration-interaction effects (configuration mixings)
are striking for the 5d26s? configuration in question.
Since they are less sensitive to the configuration-
interaction effects [21], the parameters a2} and b3 were
used to derive the nonrelativistic parameters as; and bs,.
The electric quadrupole moment Q5; including the
Sternheimer shielding effect [2,3], is written as
, 2uppy pr bsy
Osg=——F— T 2. (7
e asq
where pup and py are the Bohr magneton and the nuclear
magneton, respectively, and u; is the nuclear magnetic
dipole moment [21]. The spectroscopic quadrupole mo-
ment Q is related to Q5, as

0=05/(1-Rs;), (8)

where R s, is the Sternheimer shielding factor taking into
account the influence of the orbital polarization of the
electron core on the nuclear quadrupole measurements
from hfs.

The derived values of Q%, for !"”!"Hf are

Q4,("THf)=4.699(4)b ,
Q4,(T°Hf)=5.299(11)b .

Using the known spectroscopic quadrupole moments Q
from the muonic x-ray measurements [13], the Sternhei-
mer shielding factors R 5, are taken to be

R, (""Hf)=—0.396(12) ,

R, ('°Hf)=—0.397(12) .

These values should be considered the same within uncer-
tainties. This is confirmed by the fact that the shielding
factor should be independent of isotopes. We have an
average value of R ;= —0.397(8), which is considered to
be in agreement with the most probable value obtained
for !Hf by Biittgenbach, Dicke, and Gebauer [6] and
those for °1%%Ir by Tanaka et al. [14]. The values R,
for U"1"°Hf by Tanaka et al. [14], which are unreason-

ably large compared to those for °1%*Ir and rare-earth
elements [14], are not acceptable because they used an
old estimation of Q' by Biittgenbach et al. [5], where
only the ground state 3F, was taken into account and the
configuration mixing effect was neglected, i.e., the use of
Eq. (6). As is seen from Table V, the revised data on the
single-electron hfs parameters for 7’Hf by Biittgenbach,
Dicke, and Gebauer [6], where they measured the hfs of
3F;, 3F, as well as °F,, are in good agreement with the
present data. This means that the effect of the
configuration mixing is important in deducing the
Sternheimer shielding factor for the 5d elements.

The spectroscopic quadrupole moments Q of !"17°Hf
reported by Biittgenbach et al. [5] deviate largely from
the values determined from muonic x-ray measurements
[13]. Now it should be pointed out that the main source
of such a deviation is in the use of inappropriate single-
electron hfs parameters, since the Sternheimer shielding
factor R s; = —0.3 was used in their analysis.

V. SUMMARY

The hfs splittings in the 5d%6s%°F; (J =2-4) states in
17.179Hf 1 have been precisely measured by means of the
atomic-beam laser-rf double-resonance technique. This is
a measurement of LRDR in HfI. Second-order hfs
corrections have been found to be important in determin-
ing the magnetic dipole ( 4), electric quadrupole (B) and,
particularly, magnetic octupole (C) hfs constants with
high accuracy. After corrections for the second-order hfs
effects, the hfs constants 4, B, and C have been obtained
for the 5d%6s2°F, (J =2-4) states in 1" 1°Hf 1.

J dependences of the isotopic ratio of the hfs constants
A for YHf and 'Hf show J-dependent hyperfine
anomalies, resulting from the configuration mixing of
5d36s in an order of magnitude of 1%. The hfs constant
C shows a remarkable J dependence as well as does con-
stants 4 and B. The isotopic ratio of C is, however, con-
stant within experimental uncertainties, which is taken to
be the ratio of the nuclear-ground-state magnetic octu-
pole moments Q, i.e., Q(7"H)/Q("Hf)= —0.41(9). The
magnetic octupole hyperfine interaction has been found
to be strongly dependent on the nuclear spin.

. k k k k

Single-electron hfs parameters a5y ' and b5 ' of the 5d
electron have been obtained and the configuration-
interaction effects have been found to be significantly
strong for the 5d26s? configuration in Hf 1. The Sternhei-
mer shielding factor is derived to be Rs; = —0.397(8).



164 W. G. JIN et al. 52

ACKNOWLEDGMENTS

The authors would like to thank Dr. Y. Yano, the Cy-
clotron Laboratory at RIKEN, for his constant interest
and support during this study. Thanks are also due to

Professor J. Z. Ruan, Dr. K. Morita, and Dr. M. G. Hies
for useful discussions and comments. We are indebted to
Dr. P. Aufmuth at Universitdt Hannover for providing
us with the intermediate coupling wave function in HfI.
One of us (W.G.J.) would like to acknowledge the Special
Researchers’ Basic Science Program.

[1] W. F. Meggers and C. E. Moore, The First Spectrum of
Hafnium (Hf1), Natl. Bur. Stand. (U.S.) Monograph No.
153 (U.S. GPO, Washington, DC, 1976).

[2] R. M. Sternheimer, Phys. Rev. 146, 140 (1966); 164, 10
(1967).

[3]R. M. Sternheimer and R. F. Peierls, Phys. Rev. A 3, 837
(1971).

[4] S. Biittgenbach and G. Meisel, Z. Phys. 250, 57 (1972).

[5] S. Biittgenbach, M. Herschel, G. Meisel, E. Schrodl, and
W. Witte, Z. Phys. 260, 157 (1973).

[6] S. Biittgenbach, R. Dicke, and H. Gebauer, Phys. Lett.
62A, 307 (1977).

[71 A. Anastassov, Yu. P. Gangrsky, B. K. Kul’djanov, K.
Marinova, B.N. Markov, E. Nadjakov, and S. G. Zem-
lyanoi, Z. Phys. D 25, 1 (1992).

[8] A. Ya. Anastasov, Yu. P. Gangrskii, B. N. Markov, S. G.
Zemlyanoi, B. K. Kul’dzhanov, and K. P. Marinova, Zh.
Eksp. Teor. Fiz. 105, 250 (1994) [Sov. Phys. JETP 78, 132
(1994)].

[9]17. Schecker, A. Berger, J. Das, S. Dutta, G. Gwinner, C.
H. Holbrow, T. Kiihl, T. Lauritsen, D. G. Sprouse, and F.
Xu, Phys. Rev. A 46, 3730 (1992).

[10] D. Zimmermann, P. Baumann, D. Kuszner, and A.
Werner, Phys. Rev. A 50, 1112 (1994).

[11] M. Wakasugi, W. G. Jin, T. T. Inamura, T. Murayama, T.
Wakui, T. Kashiwabara, H. Katsuragawa, T. Ariga, T.
Ishizuka, M. Koizumi, and I. Sugai, Rev. Sci. Instrum. 64,
3487 (1993).

[12] W. G. Jin, M. Wakasugi, T. T. Inamura, T. Murayama, T.
Wakui, H. Katsuragawa, T. Ariga, T. Ishizuka, M. Koizu-

mi, and I. Sugai, Phys. Rev. A 49, 762 (1994).

[13] Y. Tanaka, R. M. Steffen, E. B. Shera, W. Reuter, M. V.
Hoehn, and J. D. Zumbro, Phys. Rev. C 29, 1830 (1984).

[14] Y. Tanaka, R. M. Steffen, E. B. Shera, W. Reuter, M. V.
Hoehn, and J. D. Zumbro, Phys. Rev. Lett. 51, 1633
(1983).

[15] W. Ertmer and B. Hofer, Z. Phys. A 276, 9 (1976).

[16] W. G. Jin, M. Wakasugi, T. T. Inamura, T. Murayama, T.
Wakui, H. Katsuragawa, T. Ariga, T. Ishizuka, and I.
Sugai, Phys. Rev. A 50, 1920 (1994).

[17] M. Wakasugi, W. G. Jin, T. T. Inamura, T. Murayama, T.
Wakui, H. Katsuragawa, T. Ariga, T. Ishizuka, and I.
Sugai, Phys. Rev. A 50, 4639 (1994).

[18] W. J. Childs, Case Stud. At. Phys. 3, 215 (1973).

[19] W. J. Childs, Phys. Rev. A 39, 4956 (1989).

[20] V. Pfeufer, Z. Phys. D 4, 351 (1987).

[21] W. J. Childs, Phys. Rev. A 2, 316 (1970).

[22] W. J.Childs, Phys. Rev. A 44, 1523 (1991).

[23] See, for example, P. Jacquinot and R. Klapisch, Rep.
Prog. Phys. 42, 773 (1979).

[24] J. F. Wyart, Phys. Scr. 18, 87 (1978).

[25] P. Aufmuth (private communication).

[26] S. Biittgenbach, R. Dicke, H. Gebauer, R. Kuhnen, and F.
Tréber, Z. Phys. A 286, 333 (1978).

[27] T. Brenner, S. Biittgenbach, W. Rupprecht, and F. Triber,
Nucl. Phys. A 440, 407 (1985).

[28] C. Schwartz, Phys. Rev. 105, 173 (1957).

[29] R. T. Daly and J. H. Holloway, Phys. Rev. 96, 539 (1954).

[30] H. H. Brown and J. G. King, Phys. Rev. 142, 53 (1966).

[31] T. G. Eck and P. Kusch, Phys. Rev. 106, 958 (1957).



