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Jdependences of the isotope shift and hyperfine structure in the Sm I 4f 5d 6s H term
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Isotope shifts and hyperfine structures of twelve transitions from the high-lying metastable HJ
(J=1—7) states of the 4f Sd6s configuration in Smt have been measured for the stable isotopes by
means of atomic-beam laser spectroscopy. Hyperfine constants A and 8 for the odd-mass isotopes ' Sm

and ' Sm are determined for the HJ (J=1—7) states and six upper levels of the transitions in SmI. J
dependences of the isotope shifts are observed for the 4f Sd6s H term. Parameters z,d of the crossed-
second-order effect are derived for the 4f65d6s configuration, and z,d/A, is found to be 165(10)
MHz/fm . It has been verified that the field shift is dominant in the crossed-second-order effect.

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

I. INTRODUCTION

Studies of isotope shift (IS} and hyperfine structure
(hfs) for Sm stable isotopes have been of repeated interest
to spectroscopists because there are great changes in the
nuclear size on the one hand and many strong optical
transitions suitable to IS and hfs measurements on the
other hand. For the odd-mass isotopes ' Sm and '" Sm,
the hfs constants A and B for the ground-state F term of
the 46 6s configuration were precisely measured by
means of the atomic-beam magnetic-resonance technique
[1], and those of some high-lying excited levels were
determined by means of laser spectroscopy [2,3]. Isotope
shifts of several transitions from the low-lying metastable
states of the ground-state 4f 6s configuration in Sm1
were also measured [2,4]. J dependences of IS, resulting
from the higher-order IS effect, i.e., the so-called
crossed-second-order (CSO) effect or the far-
configuration-mixing effect [5], were reported for the
ground-state F term of the 4f 6s configuration in Sm 1

[6,7]. However, these measurements of IS and hfs are all
associated with the ground-state F term and no measure-
ment has been reported for J dependences of IS and hfs in
the high-lying metastable states of the 4f Sd 6s
configuration. Particularly, there is no such study even
for the lowest excited 4f 5d6s H term, which has the
same even parity as the ground-state F term.

Therefore, it is most desirable to carry out measure-
ments of hfs and IS associated with the high-lying meta-
stable states of the 4f 5d6s configuration in SmI. The
CSO parameter z» for the Sd electron can be derived
from such measurement and is useful to investigate the
systematic behavior of z&d for the rare-earth elements. A
systematic behavior has been recently reported for the

'Present address: Primo Co. Ltd. , Mitaka, Tokyo 181,Japan.

CSO parameters z4f of the rare-earth elements and also
z5d of the 5d elements (Z =71—79), and it is interesting to
find that the CSO effect is proportional to the degree of
freedom of electrons (or holes) in the configuration [8].
In this paper we report the measurements of IS and hfs
for the metastable states of the 4f Sd6s H term in Sm1
and discuss the J dependence in detail.

II. EXPERIMENT

Atomic-beam laser spectroscopy was used in this ex-
periment. An atomic beam of Sm stable isotopes was
produced using resistance heating of a molybdenum oven
with a small orifice 0.5 mm in diameter and collimated
with another office 2 mm in diameter. The collimation
ratio was about 80 for the atomic beam. An electric
discharge was used to populate the metastable states. A
discharge cathode (helical coil 3 mm in diameter and 4
mm in length) made of a 0.5-mm-diam Ta wire was heat-
ed by a current of about 7 A. It was placed near the oven
orifice along the beam direction. The oven temperature
was monitored with a Pt-Rh thermocouple and con-
trolled to be about 790'C to obtain a Sm vapor pressure
of 0.04 Torr. A large population in the metastable states
was obtained with a discharge voltage of about 30 V and
a current of about 400 mA.

An Ar-ion laser (Spectra-physics 2016} was used to
pump a ring dye laser (Spectra-physics 380A) with rho-
damine 6' dye. The laser beam was collimated by four
slits and crossed perpendicularly the atomic beam. The
fluorescent light from the atomic beam was focused by a
spherical mirror and recorded by a cooled photomulti-
plier. For the relative frequency calibration, the laser
light transmitted through a confocal Fabry-Perot inter-
ferometer (FPI) with a free spectral range of 297.7 MHz
was measured simultaneously with the fluorescence from
the atomic beam. An '

I2 cell was used to determine the
absolute frequency of the transition. Details of the exper-
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imental setup have been already described elsewhere
[9—11].

2 3

III. EXPERIMENTAL RESULTS

Isotope shifts and hyperfine structures of 12 transitions
from the metastable Hz (J= 1 —7) states of the 4f 5d6s
configuration in Sm I were measured. The transitions and
associated energy-level scheme [12] are shown in Fig. 1,
and details about the lower and upper levels are summa-
rized in Table I. To obtain J dependences of IS in the H
term, we chose the 12 transitions as seen in the figure,
that is, measuring pairwise two different states of the H
term to the same upper state.

To examine the population in the metastable HJ
states, a transition of 582.26 nm from the first excited F&
state of the ground-state 4f 6s configuration to the
4f 6s6p Gz state was also measured, and is included in
Fig. 1 and Table I. The fluorescence intensities of the
582.26-nm transition and 573.50-nm transition from the
metastable H& state were measured at different discharge
current and voltage. Then, all fluorescence peaks in each
spectrum were integrated to obtain the dependences of
the relative population on the discharge current and volt-
age. The results of the relative population for the first
excited F, state and metastable H& state are shown in
Fig. 2. The relative population was normalized at
discharge current Iz =0 mA in (a) and discharge voltage
VD=O V in (b) for F&, and ID=600 mA in (a) and
VD =50 V in (b) for H„respectively. It is seen from Fig.
2(a) that the relative population of the first excited F,
state decreases with increase of ID and that of the meta-
stable H& state increases. This is reasonable because
atoms in the thermally populated F

&
state are excited up

to the metastable Hz states by the electric discharge.
Similar tendency is found in Fig. 2(b) for the dependence
on VD. The population of the metastable H& state
reaches saturation at the discharge current of about 400
mA and voltage of about 30 V.

A typical fluorescence spectrum measured for the
588.83-nm transition is shown in Fig. 3. The even-mass
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FIG. 1. Measured transitions and related energy-level
scheme in Sm I.

isotopes ' Sm, ' Sm, ' Sm, ' Sm, and ' Sm have no
hfs and each isotope has only one peak. The odd-mass
isotopes ' Sm and ' Sm, both with the nuclear spin
I=—'„have a rather narrow and complicated hfs com-

pared with, for example, the 582.26-nm F&- 62 transi-
tion. The full width at half maximum (FWHM) of the
peak is about 20 MHz and is mainly due to the Doppler
broadening of the atomic beam and natural width of the
upper level of the transition. The background in the
spectrum is mainly due to the stray light of electric
discharge scattered from the atomic beam. Many baRes
were set along the atomic-beam path and the inside of the
apparatus walls were painted black. Therefore, the radia-
tion background from the oven and the stray light scat-
tered from the apparatus walls were almost completely
suppressed. Peak centers were determined from the
least-squares fit with a Lorentz function and relative fre-

TABLE I. Wavelengths and energies of the studied transitions, and properties of the lower and upper states.

Wavelength

(nm)

582.26
573.50
581.64
572.85
584.98
572.93
588.83
571.68
590.87
571.79
593.88
572.14
596.70

Transition energy

(cm ')

17 169.79
17431.98
17 188.18
17451.67
17090.07
17449.26
16978.26
17487.53
16919.68
17484.03
16 833.63
17473.43
16 754.28

Configuration

4f 6s'
4f 5d6s
4f Sd6s
4f 5d6s
4f Sd6s
4f' Sd6s
4f 5d6s
4f 5d6s
4f 5d6s
4f Sd6s
4f 5d6s
4f Sd6s'
4f~Sd6s

Lower state

State

Fl
'H,
9H2

9H2

9H3
9H3

'H4
'H,
H,

'

'H,
'H,
9H7

Energy (cm ')

292.58
10 801.10
11044.90
11 044.90
11406.50
11 406.50
11 877.50
11 877.50
12 445.35
12 445.35
13095.75
13095.75
13 814.90

Configuration

4f 6s6p

4f 'Sd6s ~

4f 'Sd6s'

Upper state

State

'G2
J=l
J=1
J=2
J=2
J=3
J=3

D4
D4

J=6
J=6
J=7
J=7

Energy (cm ')

17462.37
28 233.08
28 233.08
28 496.57
28 496.57
28 855.76
28 855.76
29 365.03
29 365.03
29 929.38
29 929.38
30 569.18
30 569.18
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FIG. 2. Dependences of the relative population for the first
excited 'F, state of the 4f66s' configuration (closed circle) and
the metastable H, state of the 4f 5d6s configuration (open cir-
cle) on the discharge current ID (a) and discharge voltage VD

(b). The oven temperature and the discharge voltage (current)
are fixed at T=790'C and VD =30 V for the case of (a), and
T=790'C and ID =400 mA for the case of (b).
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quencies between different peaks were determined by
comparison with the FPI spectrum.

The hfs splittings and transitions of the odd-mass iso-
topes ' Sm and ' Sm are shown schematically in the
upper part of Fig. 3. The hfs's of the metastable Hz
states and all of the upper states were not known except
the H2 and H3 states [3]. The identification of the hfs
peaks was done as follows. First, we measured the
581.64-nm H2 —upper J=1 transition and determined
the hfs of the upper J =1 state. Second, from the mea-
surement of the 573.50-nm H1-upper J=1 transition,
the hfs of the H1 state was determined. In a similar
way, from the measurement of the 572.93-nm H3 —upper

J=3 transition, the hfs of the upper J=3 state was
determined. Finally, from the 588.83-nm H4 —upper
J=3 transition, the hfs of the H4 state, and so on, was
determined.

From the determined hfs splittings, the magnetic-
dipole constants A and the electric-quadrupole constants
B were obtained for ' Sm and ' Sm, and the isotope
shifts for the odd-mass isotopes were deduced from the
center of gravity. The hfs constants A and B for the
metastable HJ (J= 1 —7) states of the 4f 5d 6s
configuration in Srn I are presented in Table II. For the
H2 and H3 states, the previous values A and B mea-

sured by Childs, Poulsen, and Goodman [3] by means of
laser-rf double resonance are included in Table II for
comparison. It is seen from Table II that there is reason-
able agreement between the present work and previous
measurements [3] and also some discrepancies outside the
limits of error, e.g. , the constant A of ' Sm for H2.
Such discrepancy may be due to uncertainties, not includ-
ed in the analysis, from the determination of peak centers
in the case of double or triplet peaks; hfs spectra for

Sm and ' Sm are so narrow that fluorescence peaks
are always overlapped for the transitions studied. The
hfs constants for the upper levels of the 12 transitions
studied are also determined and are listed in Table III.
The obtained isotope shifts of the stable isotopes are sum-

marized in Table IV for the 12 transitions in Sm r.

IV. ANALYSIS AND DISCUSSION

A. Jdependences of the hfs constants A and B
for the 9H term of the 4f65d 6s configuration

From the hfs constants A and B, the single-electron hfs
k, kt k, ki

parameters a„/' and 8„/' can be derived [13,14]. How-

ever, such an analysis is not possible for the present
4f 5d 6s configuration in Sm I because seven parameters
of a4f, a4, a4, a ~&, a 5&, a &&, and a6, and six parame-01 12 10 01 12 10 10

ters of b4f, b4f, b4f, b,q, b,'q, and b,'g should be con-
sidered for A and B, respectively. In the case of a pure
LS-coupling state, the hfs constants A and B can be writ-
ten as [9,15]

A =ao, (J)Roi+a, z(J)R I2+a&o(J)R Io

P02(J)R 02+~13( ) 13 +/ 11(J)R && (2)

K kskI kski
where Rk „,being the linear combination of a„/' (b„I' )

s I

of the different electron shell nl, are the parameters to be
determined. The coeKcients ak k and Pk k are expressed

s I s I

as

FIG. 3. Measured fiuorescence spectrum of the 588.83-nm
transition. The relative frequency scale of the horizontal axis
was calibrated with the use of the FPI spectrum. Peaks of the
even-mass isotopes are labeled with the isotopic symbols and
the hfs peaks of ' Sm and ' Sm with the open and closed cir-
cles, respectively. The upper part in the figure shows the hfs
splittings of the lower and upper levels of the 588.83-nm transi-
tion and also the transitions which correspond to the measured
hfs peaks for ' Sm and ' Sm. F is the total angular momentum
of the atom, that is, F=I +J.

S S k,
2J+1

J(J+1)
J J l

(2J+1)2J(2J—1)
(2J +3)(2J +2)

S S k,

L L ki -.
J J 2

(3)
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TABLE II. Measured hyperfine constants A and B (MHz) of ' Sm and ' Sm for the HJ states of
the 4f 5d6s configuration. The number in the parentheses after A or B indicates the mass number.

State

'H4
'H,
'H,
'H,

'Reference [3].

A(147)

—78.25(21)
—93.00(13)
—92.8699(4)'

—122.32(14)
—122.1573(4)'
—129.18(10)
—147.17(18)
—184.50(14)
—219.49(16)

A(149)

—61.85(19)
—75.23(12)
—76.5683(4)'

—100.70(15)
—100.6514(4)'
—105.92(10)
—124.66(19)
—151.85(15)
—184.75(13)

B(147)

—3.01(76)
—11.5(14)
—11.6586(20)'
—20.2(20)
—20.8263(20)'
—47.3(24)
—86.0(55)

—106.9(57)
—126.6(82)

B(149)

0.82(61)
3.17(14)
3.2192(20)'
5.4(31)
5.9040(20)'

13.4(19)
24.5(66)
32.2(63)
39.0(57)

TABLE III. Measured hyperfine constants A and B (MHz) of ' Sm and ' Sm for the high-lying

upper levels.

Level (cm ')

28233.08
28496.57
28855.76
29365.03
29929.38
30569.18

A(147)

—40.07(20)
—97.39(15)

—101.61(11)
—81.29(10)

—135.72(11)
—188.36(15)

A(149)

—34.42(18)
—82.72(20)
—83.80(11)
—70.58(10)

—112.42(16)
—157.86(17)

B(147)

26.37(69)
—40.2(15)
—18.2(20)
—57.2(23)
—88.4(49)

—119.9(75)

B(149)

—11.95(58)
11.5(24)
5.1(21)

16.7(23)
27.7(49)
39.5(78)

Transition

TABLE IV. Measured isotope shifts of stable isotopes for twelve transitions in Sm r.

Isotope shift (MHz)

(nm)

573.50
581.64
572.85
584.98
572.93
588.83
571.68
590.87
571.79
593.88
572.14
596.70

154-152

—152.5(7)
—147.8(7)
—241.1(7)
—235.6(8)
—924.1(17)
—909.8(9)
—361.6(8)
—338.3(11)
—221.7(11)
—216.6(10)
—754.5(13)
—743.6(10)

154-150

—667.6(12)
—663.1(12)
—932.1(15)
—922.9(11)

—2967.2(27)
—2933.2(25)
—1309.2(16)
—1216.6(18)
—873.7(17)
—858.3(17)

—2480.5(18)
—2455. 1(25)

154-149

—926.9(13)
—917.4(15)

—1279.4(16)
—1259.6(18)
—3980.3(37)
—3935.1(31)
—1764.1(28)
—1634.4(19)
—1203.8(19)
—1178.9(21)
—3332.2(35)
—3293.3(34)

154-148

—945.2(13)
—931.7(13)

—1334.5(15)
—1315.4(14)
—4294.0(41)
—4246.7(34)
—1876.1(19)
—1738.9(22)
—1240.8(18)
—1228.8(19)
—3580.4(34)
—3540.2(33)

154-147

—1086.2(17)
—1061.5(20)
—1532.6(16)
—1507.8(16)
—4952.9(42)
—4895.9(38)
—2165.6(22)
—2001.7(24)
—1421.0(19)
—1401.7{19)
—4125.8(39)
—4079.0(40)

154-144

—1300.2(16)
—1272.9(16)
—1896.0(20)
—1863.1(19)
—6387.5(52)
—6321.5(47)
—2707.3(24)
—2510.7(26)
—1767.3(21)
—1713.5(22)
—5296.8(44)
—5236.7(47)

TABLE V. Hyperfine parameters Rk k and Rk k (GHz) of ' Sm and ' Sm for the H term of the
s I s I

4f 5d6s configuration.

147S

149S

R011

—28.607(28)
—24.155(25)

R 12
1

23.990(43)
20.688(39)

R 10
1

—12.041(10)
—9.959(9)

R 02
2

—6.69(72)
2.64(71)

R132

4.27(69)
—1.95(65)

R112

—4.70(34)
1.60(35)
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Since the intermediate-coupling wave function is not
known, we assumed that the pure LS-coupling scheme
for the Hz state of the 4f 5d 6s configuration in Sm I and
the measured hfs constants A and 8 of ' Sm and ' Sm
(Table II) for the HJ (J= 1 —7) states were fitted using
Eqs. (1) and (2). The obtained parameters Rk k are listed

s t

in Table V for ' Sm and ' Sm. The fitted values A and
8 are shown in Fig. 4 together with the measured con-
stants A and 8. It is seen from Fig. 4 that the fitted
values A and 8 are in good agreement with the measured
values except at J=3,5 for A and J =5,7 for 8, where
large deviations are found. Such deviation should be at-
tributed to the breakdown of the assumed pure LS cou-
pling for these states. The hfs constants A of ' Sm and

Sm show the same trend, while for 8 they have oppo-
site trends as shown in Fig. 4. This is because ' Sm and

Sm both have negative nuclear magnetic-dipole mo-
ments p while the nuclear electric-quadrupole moments

Q have opposite signs [16]. The hyperfine magnetic field
A /p and electric-field gradient 8/Q produced at the nu-
cleus by the electrons, however, have the same trends as
they increase with increase of J, i.e., stronger hyperfine
interactions for the H~ state with larger J.

FIG. 4. J dependences of the hyperfine constants A and B of
Sm and ' Sm for the H term of the 4f Sd6s configuration.

Lines show the results of the least-squares 6ts.

B. Jdependences of the isotope shift for the H term
of the 4f 5d 6s configuration

Since each of the two transitions among the measured
12 transitions are related to the same upper levels (see
Fig. 1), the IS difference between the two transitions
should be that between the lower HJ states of the
4f 5d6s configuration, which is called the residual iso-
tope shifts T„, [9]. Residual isotope shifts T„,were thus
obtained for HJ (J=2—7) with respect to H, of the
4f 5d 6s configuration in Sm i, which are the measure of
J dependences of IS within the H term. Results of T„s
for the different isotope pairs are listed in Table VI.

J dependences of IS derive from the crossed-second-
order (CSO) effect [5]. The CSO effect between the mag-
netic interaction and IS operators leads to the J depen-
dence 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„j, which is the same one as the
paraineter in the spin-orbit interaction energy [5]. For
the present 4f 5d6s configuration in Sm i, two parame-
ters z4f and z» should be taken into consideration. In
the case of the pure LS-coupling scheme, the coefficients

c4f and c5& have simply the same dependence on J, i.e.,

—,'[J(J+1) L(L +1—)--S(S+1)]. Thus, the residual

isotope shift T„s can be written as

Tres AC4f Z4f + C5dz5d

=Ac ( —,'„z4/+ —,', z5„),

where c =
—,'[J(J+ 1) L(L +1)—S(S—+1)].

It was found that T„„atJ = 5 could not be expressed
by Eq. (5) and this is in agreement with the results from
the fits of A and B. It means that there is a strong devia-
tion from LS coupling for the H5 state. Thus, T„, at
J =5 was not used in the following analysis. From T,„s
of Table VI, the CSO parameter z5& was derived using
the experimental parameter z4I of the 4f 6s
configuration in Sm i for the even-mass isotope pairs [17],
assuming z4I(4f 5d6s)/z&&(4f 6s )=(4&(4f Sd6s)l
(4&(4f 6s ) where the spin-orbit integral (4&(4f 6s ) is
known [17], and assuming (4I(4f 5d6s) to be equal to
the known (4I(4f 5d6s ) [18] with an uncertainty of
10%. The obtained parameters Z5& are listed in Table
VII for the even-mass isotope pairs.

TABLE VI. Residual isotope shifts T„„ofthe different isotope pairs for the "HJ states of the
4f 5d6s configuration in Sm i.

T„, (MHz)

State

'H,
'H,
H',

'H4
'H,
H.

'

'H,

154-152

0.0
5.0(10)

11.0(15)
26.0(24)
50.1(28)
56.1(31)
68.0(35)

154-150

0.0
5.2{17)

15.4{25)
50.7(45)

144.9(51)
162.2(56)
189.6(64)

154-149

0.0
10.4(20}
31.5(31}
78.3(57)

210.1(67)
237.4(72)
278.8(87)

154-148

0.0
14.5(18}
35.2(28)
84.5(60)

224.2(67)
239.0{72)
282.3{86)

154-147

0.0
25.9(26)
52.6(35)

111.9(66)
278.6(74)
301.2(79)

154- 144

0.0
29.1(23)
64.7(36)

134.1(79)
334.9(86)
393.5(91)
459(11)
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TABLE VII. CSO parameters zsd and zsd/A, for the different isotope pairs in the H term of the

4f 5d6s configuration in Sm t.

Isotope pair

zsd (MHz)
A, (fm )'
zsd/A, (MHz/fm )

'Reference [20].

154-152

37.8(33)
0.220(12)
172(18)

154-150

91(17)
0.624(25)
146(29)

154-148

142(19)
0.913(29)
155(21)

154-144

244(26)
1.407(39)
173(19)

Average

165(10)

To investigate the contributions of the field shift and
the specific mass shift in the CSO effect, we divide the
values zsd of the 4f Sd6s configuration by the nuclear
parameter A, [19,20], which is proportional to the field
shift. The results are listed in Table VII. It is seen that
the values zsd/A, are constant for different isotope pairs
within the uncertainties. This indicates that the field
shift is the dominant contribution and the specific mass
shift is negligible in the CSO effect. An average value of
zsd /A, is obtained to be 165(10)MHz/fm .

To compare the present zsd value of Sm with the
values of other elements, we use the normalized parame-
ter zsd „,~=zsd/(Artsd). Assuming lsd of the 4f 5d6s
configuration to be equal to the known (5d of the
4f 5d6s configuration [18] with an uncertainty of 10%,

we have zsd „, =7.9(13)X10 fm for the 4f 5d6s
configuration in Sm 1. This value is comparable with the
values of zsd „, =6.29(60) X 10 fm for the
4f Sd6sz configuration in Gd 1 [9],
zsd „„=6.3(17)X10 fm for the 4f Sd6s
configuration in Gd11 [21],and z&d „, =6.77(97) X 10
fm for the 4f 5d6s configuration in Eu I [22]. To get
further insight into the systematic behavior of zsd „„ for
the rare-earth elements, more values z5d of other ele-

ments are necessary.
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