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Abstract. We have performed a series of experiments to observe 11 Stark-induced E1 transitions from the
15650.55 cm−1 level to higher levels with odd parity in samarium (Sm) with optical double-resonance tech-
nique. Five Stark-induced E1 transition to the 28233.08, 28613.22, 28913.97, 29041.31 and 29130.03 cm−1

levels have been observed. In order to investigate the contributors to the Stark-induced E1 transition, we
have measured scalar and tensor polarizabilities for the observed Stark-induced E1 transitions. Clear Stark
splittings were observed for the levels 28233.08 and 28613.22 cm−1, and their tensor polarizabilities were
determined for each isotope. Scalar polarizabilities were determined for the 28233.08, 28613.22, 28913.97
and 29130.03 cm−1 levels for the first time. Among them, scalar polarizability for the 28233.08 cm−1 level
was the largest in magnitude and was 3.60(10)×103 kHz/(kV/cm)2 for 152Sm. We noticed that both scalar
and tensor polarizabilities of the 28233.08 cm−1 level depend on the isotope; the difference of magnitude of
the scalar and tensor polarizabilities between 144Sm and 154Sm were remarkably large and were about 10
and 6 percent, respectively.

PACS. 32.60.+i Zeeman and Stark effects – 32.10.Dk Electric and magnetic moments, polarizability

1 Introduction

The spectroscopic studies of rare-earth elements have been
performed for many decades. On atomic samarium (Sm),
in particular, the hyperfine structure (hfs) and isotope
shift (IS) were of special interest because of both its large
nuclear deformation and complicated electronic struc-
ture [1–8]. Several measurements of hfs and IS have been
reported on some excited levels as well as those of the
ground multiplet [8–11], while there is the limited number
of studies on Stark and Zeeman effects.

The Stark effects have been systematically investigated
by a group at Hannover [12–15]. They determined the ten-
sor polarizabilities of the levels in the ground multiplet
with 5 percent precision with a nonlinear level-crossing
technique. The tensor polarizabilities of odd parity levels
were measured by using a quantum beat spectroscopy [16].
Fukumi et al. also measured tensor polarizabilities with
high precision in an atomic-beam laser spectroscopy [17].
Measurements mentioned above are mostly on the odd
parity levels below 23000 cm−1, because they are easily
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excited by a visible photon with E1 transition from the
ground state. The studies on Stark effects of high-lying
levels above 23000 cm−1 have never been reported except
for the recent paper [18].

Since the electronic structure of rare-earth elements is
very complex, extensive spectroscopic studies are highly
desired to check the accuracy of theoretical calcula-
tions [19]. Investigation of Stark effects of high-lying levels
is necessary also for planning an experiment to study the
fundamental symmetry-breaking phenomena in atomic
system, such as parity non-conservation (PNC) and elec-
tric dipole moment [16]. It is important, for the former, to
measure Stark-induced E1 (E1ST) transition of each iso-
tope [20]. The spectroscopic studies of high-lying levels of
both even and odd parity are insufficient so far. High-lying
odd parity levels are difficult to access, while even parity
levels are easily accessible. As authors are planning a PNC
measurement with two step excitation, the information of
high-lying odd parity levels are necessary [18].

A naive idea to study high-lying odd parity levels
might be to observe M1 transition from an excited inter-
mediate odd parity level to a higher level with the same
parity. This, however, is not practical, because M1 tran-
sition is too weak. On the other hand, E1ST transition
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Fig. 1. Level scheme of the Stark spectroscopy setting
15650.55 cm−1 level as |1〉. The pump laser is locked to the
transition from 0 cm−1 to 15650.55 cm−1 with m = ±1.

under a strong electric field is generally stronger than M1
transition, so that we can study high-lying odd parity lev-
els with the optical double resonance (ODR) of “E1–E1ST

transition”.
In this paper, we describe a new experiment of ODR

spectroscopy on highly excited odd parity levels of atomic
Sm. The measured scalar and tensor polarizabilities to-
gether with the results of intensity measurements of E1ST

transitions are presented.

2 Experiments

2.1 Stark spectroscopy with ODR

For systematic studies of high-lying odd parity levels
around 30000 cm−1, we employed ODR technique of
“E1–E1ST” transition. The relevant level scheme is shown
in Figure 1. The Sm atoms in the ground level, even par-
ity level denoted by |0〉, are excited to the first level |1〉
by a pump laser. A probe laser excites the atom in |1〉
to a high-lying odd parity level |3〉, by E1ST transition.
The levels |2〉 and |4〉 have even parity and are mixed
with |1〉 and |3〉, respectively, due to the Stark effect. The
frequency of the pump laser is locked to the E1 transi-
tion from |0〉 to |1〉 so that the population of |1〉 is kept
stable. The E1ST transition from |1〉 to |3〉 is observed by
sweeping the frequency of the probe laser. The fluores-
cence emitted from |3〉 allows us to measure the spectra
of high-lying levels with odd parity.

In the level scheme shown in Figure 1, the transition
intensity of the E1ST transition, IST, is expressed as,

IST ∝ |δ12〈2|D|3〉 + δ34〈1|D|4〉|2, (1)

δij =
〈j|HST|i〉
Ei − Ej

, (2)

Table 1. Second levels which we tried to investigate. The
intensities of the fluorescence light from the second level
are normalized by the intensities of reference transition from
15650.55 cm−1 to 28708.20 cm−1 level.

identifier J energy (cm−1) [24] fluorescence intensity

A 2 28065.45

B 0 28168.22

C 1 28233.08 0.055(1)

D 2 28359.00

E 2 28445.02

F 2 28496.57

G 1 28613.22 0.096(3)

H 1 28704.25

I 1 28913.97 0.293(18)

J 2 29041.31 0.035(2)

K 1 29130.03 0.315(13)

where D, δij , HST and Ei are an electric dipole op-
erator, a Stark mixing coefficient, a Hamiltonian of
Stark effect and the energy of the ith level, respectively.
The E1ST-transition amplitude is proportional to both
the Stark mixing coefficient and E1 transition; 〈2|D|1〉
and 〈1|D|4〉. For observing the E1ST transition from |1〉
to |3〉, one or both of following conditions must be satis-
fied: one is that δ34 and 〈1|D|4〉 are strong. The other is
that δ12 and 〈2|D|3〉 are strong.

In order to perform the spectroscopy, it is neces-
sary to choose a level with large polarizabilities as the
first level |1〉. Even if unknown Stark effect of the sec-
ond level |3〉 be weak, the spectrum would be obtained
provided the E1 transition 〈2|D|3〉 is strong. We chose
15650.55 cm−1 level with a total electronic angular mo-
mentum, J = 1, and a magnetic quantum number, m =
±1, as the level |1〉 as shown in Figure 1. The polarizabil-
ities of the 15650.55 cm−1 level are known to be large [17]
and 15639.80 cm−1 level may be mixed strongly with it.
Another reason for the choice of |1〉 is that the pair of
15650.55 cm−1 and 15639.80 cm−1 levels are reported to
be mixed each other by PNC Hamiltonian [21]. We chose
the levels listed in Table 1 for the present study. The levels
with J = 0, 1 or 2 are used, because |1〉 has J = 1.

2.2 Apparatus

A schematic view of the experimental layout is shown in
Figure 2. A CW tunable ring dye laser (Spectra Physics
380A) pumped by an Ar-ion laser (Spectra Physics 2016)
was used to excite atoms to the first level |1〉. The typical
single-mode line width was 40 MHz. The dye used was
DCM and the output laser power was typically 50 mW
at 5 W pumping. A CW tunable ring titanium-sapphire
laser (Coherent CR899-29) pumped by an Ar-ion laser
(Coherent INNOVA-310) was used as the probe laser.
Its line width and the output power was 500 kHz and
about 500 mW at 8 W pumping, respectively.
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Fig. 2. Overview of the experimental setup. The abbrevia-
tions used are as follows; PMT represents a photo-multiplier
tube, FPI a Fabry-Perot interferometer, BFPI a Broadband
Fabry-Perot interferometer, DM a dichroic mirror, AOD an
acousto-optic deflector, EOM an electro-optic modulator, PC a
personal computer, PBS a polarized beam splitter, λ/2 a half-
wave plate, λ/4 a quarter-wave plate, MCS a multi-channel
scalar. PD1 and PD2 denote photo-diodes. IP denotes an in-
teraction point.

The pump-laser beam focused by a lens entered a
acousto-optic deflector (AOD) after going through a po-
larization beam splitter (PBS). The first order diffraction
beam from the AOD went through a lens and λ/4 plate
and went back along the same way after being reflected
by a mirror. After reaching the PBS again, the light beam
was bent by 90 degree toward a vacuum chamber. A refer-
ence signal for laser-frequency stabilization was taken by
a beam sampler before the vacuum chamber.

A large part of the probe-laser beam went through
a half wave (λ/2) plate and reached the vacuum cham-
ber. The direction of the polarization could be adjusted
with the λ/2 plate. A small amount of the probe-laser
beam was sampled by a relative frequency-calibration sys-
tem which consisted of a Fabry-Perot interferometer (FPI)
and a photo-multiplier tube (PMT). The pump and probe
beams were merged together to follow the same path by a
dichroic mirror and led into the vacuum chamber as shown
in Figure 2.

We employed an FM sideband method to narrow the
laser line-width of the pump laser and resulted in reduced
fluctuation of population of the first level. It also sup-
pressed a possible drift away from the resonance condi-
tion of the first excitation. A portion of the pump laser
passed through an electro-optical modulator (EOM) and
reached a broadband Fabry-Perot interferometer (BFPI)
through a PBS and a λ/4 plate. The modulation frequency
was 15 MHz. The interference of the leaking and directly
reflected lights produced a modulated signal at a photo-
diode PD1 to be demodulated by a double balanced mixer
(DBM). We used the output signal of the DBM as an er-
ror signal for the feedback system. The transmitted light
from the BFPI was monitored with a photo-diode PD2.

The BFPI was made of super invar and the temperature
was controlled to within ±0.5 ◦C. The absolute frequency
of a longitudinal mode was stable for more than 40 min-
utes. The lower frequency component of the error signal
was digitized by an analog to digital converter and was
transmitted to a personal computer (PC). The feedback
signal from the PC was sent to the controller of the pump
laser through a digital to analog converter to stabilize its
frequency drift. The higher frequency component was elec-
trically amplified and fed to the AOD to narrow the line-
width of the pump laser to typically 2 MHz. By moving a
piezo device attached to one of the mirror of the BFPI, the
locking point was adjusted so as to get maximum amount
of the fluorescence lights from the 15650.55 cm−1 level.

The basic setup of an atomic-beam oven, vacuum sys-
tem and data-taking system is the same as that described
in references [17,18]. The laser lights and the atomic beam
crossed perpendicularly to each other at an interaction
point (IP), where electrodes made of BK7 coated with
ITO (InSnO2) were installed to generate an electric field.
They were electrically conductive but optically transpar-
ent. The size of the electrode plates were 40 mm in diam-
eter and 2 mm in thickness and the gap between coated
surfaces was 8.5 mm. The high voltage was applied to one
of the electrodes by a DC-voltage supply and the other
was grounded. The direction of the electric field was per-
pendicular to both the atomic beam and the laser beam. A
digital voltmeter and a high-voltage probe measured the
voltage applied to the electrodes. A spherical mirror was
attached just behind one of the electrodes to collect the
fluorescence photons to a PMT installed on the opposite
side of the mirror.

The probe-laser system was equipped with a computer
controlled wave-meter and the wavelength were monitored
with another PC. A TTL gate pulse from the laser con-
troller initiated a frequency sweep. It was, at the same
time, transmitted to a CAMAC multi-input level ADC,
which was triggered by the same clock generator as the
one used for multi-channel scalars (MCSs).

3 Calibration

3.1 Relative frequency

All peaks of the FPI spectrum were fitted with the
Gaussian functions and the central channels of the peaks
were determined. The FSR has been calibrated to be
300.1±0.3 MHz referring to the hfs splitting of rubid-
ium 85Rb [22]. The MCSs channel was converted to the
relative frequency following the same procedure described
in reference [10]. A scanning frequency error, ∆fscan, is
a standard deviation of the data points from the straight
line and is mainly due to a jitter of a laser scan. The value
of ∆fscan was typically 300 kHz.

3.2 Start frequency of the probe laser

While the measurements of tensor polarizability (α2) re-
quire only frequency difference between splitted peaks ob-
served in a single frequency scan, the measurements of
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Fig. 3. Distribution of the relative frequency from the lead-
ing edge of the TTL logic gate to the center of fluorescence
peak. The vertical axis represents the number of occurrence in
a 10 MHz bin.

scalar polarizability (α0) demand the frequency shift of a
fluorescence peak relative to an external absolute stan-
dard. In order to check if a leading edge of the TTL
logic gate can be used as the frequency standard, we mea-
sured both the leading edge of the gate-pulse shape and
a resonance peak of atoms during the laser scan. The
fluorescence peak of the transition of 15650.55 cm−1 →
28708.20 cm−1 was chosen for this purpose. As the laser
frequency during the laser scan is proportional to time,
the time difference between the appearance of the lead-
ing edge and that of the fluorescence peak is proportional
to the relative frequency from the start frequency to the
resonance frequency. We measured the leading edge of the
gate-pulse shape and the fluorescence peak about 30 times
for 40 minutes. The distribution of the relative frequency
from the leading edge to the center of the fluorescence
peak is shown in Figure 3. The vertical axis represents the
number of occurrence in a 10-MHz bin. The observed dis-
tribution of the fluctuation was fitted with the Gaussian
function and the full width at half maximum (FWHM)
was found to be 19.5 MHz.

3.3 Electric field

The electric field at the IP was calibrated by measuring
the voltage applied to the electrodes and the Stark split-
ting of the transition; 4f66s2 7F2 (E = 811.92 cm−1) →
4f66s6p 7F1 (E = 13999.50 cm−1), for which the α2 has
been already known [16]. The applied voltage V is pro-
portional to the actual electric field E and is written as;

E =
V

d
ê, (3)

where d and ê are the gap of the electrodes and a unit
vector directed along the electric field, respectively. The
reproducibility of the electric field was confirmed from the
repeated measurements. The gap d of 0.8395 ± 0.0079 cm
was derived from the measured Stark splitting and applied
voltage.

4 Measurements and data analysis

4.1 Basic formula

A mixed level |nJ〉′ due to the Stark effect is ex-
pressed with the first order perturbation theory using a
Hamiltonian, HST = −D · E, as

|nJ〉′ = |nJ〉 +
∑

i

〈niJi|HST|nJ〉
E − Ei

|niJi〉· (4)

The symbols n and E are a main quantum number and a
level energy of |nJ〉, respectively. The subscript i runs over
all possible opposite parity levels to |nJ〉. The expression
of the intensity of the E1ST transition is,

I ∝
∣∣∣∣
∑

i

〈niJi|HST|nJ〉
E − Ei

〈15650.55|D|niJi〉
∣∣∣∣
2

, (5)

where |15650.55〉 corresponds to the first level |1〉 in Fig-
ure 1. This shows that the transition intensity is propor-
tional to E2.

The energy shift due to an external electric field can
be expressed as follows;

W =
∑

i

|〈niJi|HST|nJ〉|2
E − Ei

= −1
2

{
α0(J) +

3m2
J − J(J + 1)
J(2J − 1)

α2(J)
}

E2, (6)

where α0(J), α2(J) and mJ are a scalar and tensor polar-
izabilities and magnetic quantum number, respectively.

The mathematical expressions of the α0(J) and
α2(J) are

α0(J) = − 2
3(2J + 1)

∑

i

AJi , (7)

α2(J) = 2
{

10J(2J − 1)
3(2J + 3)(J + 1)(2J + 1)

} 1
2

×
∑

i

aJiAJi , (8)

AJi =
|〈niJi||D||nJ〉|2

E − Ei
, (9)

with

aJi = (−1)J+Ji+1

{
J J 2
1 1 Ji

}
· (10)

4.2 Confirmation of the Stark-induced E1 transition

The frequency of the probe laser was swept for 10 GHz,
which is much wider than a typical Stark shift, around
the energy of the levels listed in Table 1. The fluores-
cence lights from the second levels with odd parity were
selected by an optical filter transparent to a wavelength
shorter than 630 nm. It blocked most of the fluorescence



T. Kondo et al.: Stark spectroscopy of high-lying odd parity levels in atomic samarium 107

0

200

400

600

800

1000

1200

1400

1600

0

500

1000

1500

2000

2500

3000

-400 -200 0 200 400

0

1000

2000

3000

4000

Fig. 4. Typical spectra of the Stark splitting of 152Sm at the
electric field of 21 kV/cm. Figures (a), (b) and (c) show the
Stark splitting of the level C, G and K, respectively.

lights from the first level and the thermal photons from
the atomic-beam oven of which temperature was about
900 ◦C. To detect the signal of the E1ST transition, the
electric field of about 20 kV/cm was applied. As the Stark
effect and IS of the first level were well-known [17], we
could tune the laser frequency of the pump laser to a res-
onance frequency of a specific isotope. The probe laser
excited Sm atoms from |1〉 to |3〉 of the isotope chosen
by the pump laser. In this circumstance, the E1ST transi-
tions to the levels C, G, I, J and K shown in Table 1 were
observed as clear peaks in the spectra among 11 levels.
A typical spectrum of the level C is shown in Figure 4a.
The background level was almost constant and typically
around 300 counts per 20 ms. It was dominated by the
fluorescence lights from the first level because of imper-
fectness of the optical filter. The hight of the background-
subtracted peak was about 1300 counts per 20 ms in the
case of 152Sm. The electronic noise was about 20 counts
per 20 ms. The FWHM of the peaks, 4 MHz, was consis-
tent with a residual Doppler broadening.

Fig. 5. Plot of the peak intensities, IST, of the transition from
15650.55 cm−1 to 28233.08 cm−1 normalized by the E1 inten-
sity, IE1, of the transition from 0 cm−1 to 15650.55 cm−1 as a
function of the electric field.

In order to check that the observed peaks were the sig-
natures of the E1ST, we measured E2 dependence of the
peak intensity. In Figure 5, we show, as an example, the
observed intensity of the transition to the level C on 152Sm
under the electric field varied from 6 to 21 kV/cm. The
vertical axis represents the intensities normalized by the
fluorescence from the first level. The intensities were fit-
ted with the function of y(E) = aE + bE2, where a and b
are fitting parameters. The first term of the fitting func-
tion represents a interference of the E1ST amplitude with
the M1 or E2. The second term arises from square of
the absolute value of the E1ST amplitude. The param-
eters a and b are found to be −5.0(22) × 10−3 (cm/kV)
and 3.9(20)×10−3 (cm/kV)2, respectively. We notice that
the quadratic term is much larger than the linear term
at 20 kV/cm. The electric field dependence of the transi-
tion intensity to the level G, I and K are shown in Fig-
ure 6. Each peak intensity IST is normalized by the E1
intensity, I28708, of the transition from 15650.55 cm−1 to
28708.20 cm−1 as a function of the electric field. As the
fluorescence peak disappeared when we set E = 0, the
peak for J is probably also due to the E1ST transition.

4.3 Fluorescence intensity from the second levels

The factors which affect the intensity of fluorescence light
from the second levels are the intensity of atomic beam,
the probe and pump laser power, the population of the
first level and the detection efficiency. The detection effi-
ciency depends on decay mode and branching. The laser
power of the probe and pump laser which went through
the vacuum chamber were monitored by a power meter.
The stability of the population of the first level and the
intensity of the atomic beam could be checked by moni-
toring the background level due to the fluorescence lights
from the first level. The magnitude of fluctuation of the
fluorescence lights was about 10 percent.

To confirm the stability of the experimental system
related to the intensity measurements, we took a spec-
trum of the reference E1 transition from the first level to
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Fig. 6. Plot of the peak intensities, IST, of the transition from
15650.55 cm−1 to the G, I and K normalized by the E1 inten-
sity, I28708, of the transition from as a function of the electric
field. Figures (a), (b) and (c) are electric field dependence of the
E1ST transition to the level G, I and K, respectively.

28708.20 cm−1 within one hour before and after the inten-
sity measurements. The reason of taking this transition as
the reference is that 28708.20 cm−1 level is the nearest
one to 28233.08 cm−1 level. This transition was also used
in last experiments by our group [18]. The optical filter
before the PMT was changed to accept the wavelength
longer than 660 nm and the frequency region of the probe
laser was changed leaving other conditions fixed. The in-
tensities of fluorescence from the second levels observed at
the electric field of 21.6 kV/cm are shown in Table 1. Each
intensity was normalized by that of the reference E1 tran-
sition. We notice that the transition to the level I and K
are bigger than others by one order of magnitude. This
feature may be due to either large E1ST transition of the I
and K or their decay branching favorable to fluorescence
detection by the PMT.

Table 2. Obtained values of the α0 and α2 for each second
level.

levels isotope α0 α2

(kHz/(kV/cm)2) (kHz/(kV/cm)2)

C 144Sm 4.11(16) × 103 −201.3(15)
148Sm 3.89(9) × 103 −205.6(18)
150Sm −208.2(16)
152Sm 3.60(10) × 103 −212.7(17)
154Sm 3.69(9) × 103 −214.0(17)

G 144Sm −20.74(23)
148Sm −19.99(18)
150Sm −20.86(20)
152Sm −5.3(109) × 101 −20.49(22)
154Sm −19.76(19)

I 152Sm −1.4(16) × 102 < |6.47(19)|
J 152Sm < |5.77(15)|
K 152Sm −3.4(12) × 102 < |5.47(14)|

4.4 Tensor polarizability α2

We investigated the Stark splitting for observed five E1ST

transition to the level C, G, I, J and K. In order to measure
the Stark splitting on 152Sm, the electric field of about
21 kV/cm was applied. We found the clear and wide split-
ting of the level C as shown in Figure 4a, while for the
level G, the splitting was small, see Figure 4b. We could
not find obvious splitting for the levels K, I nor J. The
spectrum of the level K is shown in Figure 4c. To obtain
energy splitting and tensor polarizability, the two peaks
of the level C and G were fitted with two Lorentzian func-
tions. The peak for the levels I, J and K was fitted with
one Lorentzian function and its FWHM gave us the up-
per limit of their tensor polarizabilities. The Levenberg-
Marquardt method was used for the Lorentzian fitting to
the background-subtracted atomic spectra in order to ob-
tain the central frequency of the peak and its statistical
error ∆fstat.

The tensor polarizabilities were derived from the Stark
splitting, ∆W , of the second level as,

α2(J = 1) = −2
3

∆W

E2 · (11)

The error of α2 depends on ∆fscan, ∆fstat, the ambiguity
from the error of the FSR, ∆fFSR, and the error of gap
of the electrodes, ∆d, described in Section 3.3. The typi-
cal magnitude of ∆fscan, ∆fstat and ∆fFSR were 300 kHz,
100 kHz and 100 kHz, respectively. The uncertainty of d
was about 0.94 percent and dominated the error of α2.
Note that ∆W is only due to the α2 of the second level,
because only one of the sub-levels in the first level is pop-
ulated by the pump laser.

The α2 for several isotopes (144Sm, 148Sm, 150Sm,
152Sm, 154Sm) was measured for both the levels C and G.
The obtained α2 of each energy level is listed in Table 2.
Typical spectra of the transition to the level C for two iso-
topes, 144Sm and 154Sm, are shown in Figure 7. One can
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Fig. 7. Stark splittings of 28233.08 cm−1 level at the electric
field of 22.73 kV/cm for 144Sm and 154Sm are shown in (a)
and (b), respectively.

see the difference of the Stark splittings between them.
The tensor polarizability α2 is negative and its absolute
value is increasing with the mass number. The difference
of the magnitude of α2 between 144Sm and 154Sm is as
large as about 6 percent.

4.5 Scalar polarizability α0

The Stark shifts of the level C, G, I and K were measured
to determine α0. Typical spectra of the Stark shift of the
level C for various electric field are shown in Figure 8,
where the quoted frequencies are relative to the start fre-
quency denoted by fconst. The α0 of the second level can
be derived from an external field dependence of the shift
of the peak. Note that the observed energy shift is sum
of the energy shift of the first level W1 and that of the
second level. The energy shift of the center of gravity, fc,
of the second levels is expressed as,

fc = fc2nd + W1 = −1
2
α0E2 + fconst,

fc2nd = {f(m = 0) +
2
3
(f(|m| = 1) − f(m = 0))} (12)

where f(m) is the measured energy shift and the central
frequency of the peak with m relative to the start fre-
quency. The energy shift of the sub-level with |m| = 1,
W1, was estimated with the known values of α2 (Tab. 5

Fig. 8. Stark shifts of the 28233.08 cm−1 level on 152Sm.
Figures (a), (b) and (c) show the Stark shift at the electric field
of 5.97 kV/cm, 16.71 kV/cm and 21.47 kV/cm, respectively.
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Fig. 9. Plot of the fc with respect to the squared electric field.

of Ref. [17]) and α0 (=−999(80) kHz/(kV/cm)2 from
Ref. [23]). The plot of fc as a function of the squared elec-
tric field is shown in Figure 9. The free parameters α0 and
fconst were determined by fitting the function (Eq. (12))
to the experimental data.
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We measured the α0 for several isotopes (144Sm,
148Sm, 152Sm, 154Sm) on the level C. For other transi-
tions, the α0 was measured only for 152Sm. Immediately
before and after the measurements for each isotope, the
control measurements including the calibration process of
the electric field were carried out. The obtained α0 of each
energy level is listed in Table 2. The scalar polarizabilities
α0 are positive and decrease with the mass number; the α0

of 144Sm is 10 percent higher than that of 154Sm. This is
the first observation of isotope dependence of the α0. The
error is dominated by the error of α0 of the first level and
that of the start frequency as estimated in Section 3.2.

5 Discussion

5.1 Coefficients of the Stark mixing
between 28233.08 cm−1 and 28708.20 cm−1 level

If either α0 or α2 is known, we can estimate the Stark
mixing coefficient under the assumption that only one
level is mixed with the level of interest [16]. Fukumi
et al., for example, determined the Stark mixing co-
efficient between the level C and 28708.20 cm−1 level
to be 1.499(16)×10−4 (cm/kV) from the measured α2

of the level C [18] in our last experiments. This es-
timation is consistent with the present results, that
is 1.497(6)×10−4 (cm/kV), under the same assumption.

If the one level mixing is assumed, the ratio α0/α2 of
the level C is expressed as

α0

α2
= −1

3
(−1)Ji

{
1 1 2
1 1 Ji

} (13)

from equations (7, 8). For Ji =0, 1 and 2, this ratio is −1,
2 and −10, respectively. None of these values is compati-
ble with the experimental one; α0/α2 = −18.1(3) derived
from Table 2, where a weighted average with respect to
the mass number is adopted in the derivation of it. This
means that the approximate method with one level mixing
is not good. It is natural to consider that there are many
even parity levels which contribute to the polarizabilities.
The density of even parity levels at these higher energies
is probably comparable to the odd parity levels and it will
not be possible to assign real Stark mixing coefficients
for each of the multiple possible levels such as Sm atoms.
However, as effective mixing coefficients can be expressed
as a weighted average by inverse of the energy separation,
we can consider dominant levels which contributs to the
mixing coefficintes because of their energitical closeness.

Let us, then, discuss about the case of a mixing of dom-
inant two levels. As we measured both the α0 and α2, we
can solve equations (7, 8) to obtain AJi and AJi′ , if there
are only two dominant levels (i, i′). Possible combinations
of total electronic angular momenta (Ji, Ji′ ) are (1, 0),
(1, 2) and (0, 2).

Assigning the 28708.20 cm−1 level (J = 1) to the level
with Ji = 1, we estimate the Stark mixing coefficients of
the level C with 28708.20 cm−1 level as 2.242(19)×10−4

and 3.659(46)×10−4 (cm/kV), for the case that another
mixing level has Ji′ = 0 and Ji′ = 2, respectively. In
both cases, the present analysis results in about 1.5∼2.4
times lager Stark mixing coefficients than our previous
estimation described in reference [18].

5.2 Isotope dependence

The first report on the isotope dependence of α2 was pub-
lished by Fukumi et al. showing that α2 of 144Sm differs
from that of 154Sm by 0.5 percent [17]. This feature can
be explained by following consideration. Assuming that
the matrix element 〈15650.55|D|15639.80〉 is equal for all
isotopes, the difference of isotope shift, d(∆E), is esti-
mated by;

|d(∆E)| =
∣∣∣∣
dα2

α2
∆E

∣∣∣∣

� 2.0 GHz,

where ∆E and dα2 are the energy spacing of the two levels
and the difference of the α2 in isotopes, respectively. As
the transition isotope shift between 154Sm and 144Sm from
the ground level to 15650.55 cm−1 level was found to be
about 8 GHz, about 10 GHz isotope shift of the parity
partner, 15639.80 cm−1 level, reported in reference [25]
would be reproduced by the estimated value of d(∆E).
In this case, it was thus possible to explain the isotope
dependence in a simple model.

In the case of the present experiments, however, the
observed isotope dependence is about 10 times lager, while
the energy of the nearest parity partner, 28708.20 cm−1

level, is 44 times more distant compared to the above case.
This suggests that the simplified analysis as shown above
is not applicable. In order to understand mechanism of the
large isotope dependence, more spectroscopic studies on
the opposite parity levels including a search for unknown
nearby levels are necessary.

6 Conclusion

We performed the experiments to observe 11 Stark-
induced E1 transitions from the 15650.55 cm−1 level to
the higher levels with odd parity in Sm with the opti-
cal double-resonance technique. Clear fluorescence peaks
were observed for the transition to the 28233.08, 28613.22,
28913.97, 29041.31 and 29130.03 cm−1 levels, while for
other transitions, we could not identify clear peaks. The
fluorescence intensity normalized by that of the refer-
ence E1 transition suggests that the transitions to the
28913.97 and 29130.03 cm−1 levels are much stronger than
others.

We measured the α0 and α2 for the observed Stark
induced E1 transitions. The clear Stark splittings were
observed for the levels, 28233.08 and 28613.22 cm−1, and
their α2 are determined for each isotope. The scalar polar-
izabilities α0 were determined for the 28233.08, 28613.22,
28913.97 and 29130.03 cm−1 levels for the first time.
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Among them, the α0 for the 28233.08 cm−1 level was the
largest in magnitude.

Both the α0 and α2 of the 28233.08 cm−1 level were
found to depend on the isotope; the differences of mag-
nitude of the α0 and α2 between 144Sm and 154Sm were
about 10 and 6 percent, respectively. It is to be noted
that the present work is the first report on the isotope de-
pendence of the α0. As the observed isotope dependence
of the α0 and α2 are so large that a simple explanation
given in the previous paper [17] is not applicable: more
experimental data and rigorous analyses are necessary to
understand these features.
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