PHYSICAL REVIEW A

Isotope shifts and hyperfine structure of optical transitions in

VOLUME 51, NUMBER 4

APRIL 1995

147—150,152, 154Sm I

by fast-ion-beam —laser spectroscopy

P. Villemoes, M. Wang,* A. Arnesen, C. Weiler, and A. Winnstrém'
Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden
(Received 2 May 1994; revised manuscript received 28 November 1994)

In this paper isotope shifts (IS’s) and hyperfine structure hfs in 16 transitions of singly ionized samari-
um are presented. The IS’s, which, to our knowledge, have not been determined previously, and the hfs
are measured by collinear fast-ion-beam-laser spectroscopy. The ions are excited from metastable levels
in the 4£%("F)5d configuration to levels in the 4f° 5d6s? and 4% F)6p? configurations with laser light in
the red and orange part of the visible spectrum. The IS’s between the isotopes 47713 152.1548m 1 are
measured for two transitions while the IS’s between the even isotopes 431%0:152154gm 11 are measured for
the other 14 transitions. Three of the 14 transitions are not tabulated in the literature. Tentative com-
positions of the upper levels are evaluated from the IS’s by using the sharing rule. The IS’s measure-
ments are also used in an absolute calibration of the acceleration voltage within an accuracy of 0.1%.
The hfs of 10 levels are recorded. Corresponding magnetic-dipole and electric-quadrupole coupling con-
stants, 4 and B factors, are evaluated. The 4 and B factors have not been determined before for three of
the levels, and for the other levels they are determined with improved accuracy.

PACS number(s): 32.30.Jc, 32.10.Fn

I. INTRODUCTION

The inclusion of the kinetic energy of the nucleus in
the calculation of atomic energy levels leads to isotope
shifts (IS), i.e., somewhat different energy levels for
different isotopes. This effect gives shifts only for lighter
elements and is of the same order of magnitude as the
hyperfine structure (hfs). If also the finite size of the nu-
cleus as well as its shape are considered, this will lead to
IS’s which are substantial only in heavy elements. The
two types of IS’s are normally called mass shift (MS) and
field shift (FS). Furthermore, the MS is conventionally
divided in two parts, the normal mass shift (NMS), which
is the reduced mass contribution, and the specific mass
shift (SMS), originating from a change in the correlation
between the electrons. The study of the FS has given
valuable information about the structure of heavier nu-
clei, e.g., changes of the nuclear charge distribution be-
tween isotopes [1]. However, measurements of IS may
also give information about electron structure [2,3], in
particular configuration interaction (CI), through the
sharing rule [2]. This procedure requires an evaluation of
the FS and the SMS for the mixed configuration as well
as for the pure configurations in which it is expanded. In
this work, this method is used to determine tentative CI
compositions of 13 levels in Sm 11, which, in the literature
[4], are designated as belonging to pure configurations.

There are 376 known levels of singly ionized samarium
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[4]. The lower even levels have been assigned to the
configurations 4/%"F)6s and 4f%"F)5d, but the compo-
sition of the odd levels is less known. The assigned levels
in [4] belong to either of the 4f°’F)6p and 4f35d6s
configurations. Pushpa et al. [S] determined the IS of
182 transitions and from the data they could confirm and
reassign levels to the 4f%’F)6p and to the 4f°5d6s
configuration. Configuration interaction with the 4> 5d2
configuration was also discussed. In our work, the FS and
SMS contributions to the IS are separated, and tentative
assignments of the odd levels are derived using the shar-
ing rule [2] on the FS and SMS. This investigation
confirms the assignment in [5] for all levels but one, and
also indicates substantial mixing with another
configuration, possibly the 4/ 5d2.

IS’s of many transitions from levels in the 47 %"F)6s,
and some from the 4f%F)5d configurations, to levels in
the 4f°5d6s? and 4% F)6p? configurations in SmII
have been determined previously by Fabry-Pérot inter-
ferometry on hollow cathode light sources [S—7]. The ac-
curacy of about 0.5-3 mK (15-90 MHz) of such mea-
surements is limited by the broad instrumental line
profiles and the spectra are complex, since neutrals and
ions of several isotopes are present in the light source.
Fast-ion-beam-laser spectroscopy can provide isotopical-
ly pure spectra if an analyzing magnet is employed and,
since the Doppler broadening of the spectral lines is re-
duced due to kinematic compression [8,9], an accuracy of
5-10 MHz can be obtained for IS measurements. In or-
der to excite different isotopes within the same laser scan,
different isotopes are switched into the beam line by
changing the current through the analyzing magnet [10].
The resonances of the various accelerated isotopes are
separated in frequency by the IS and the differential
Doppler shift. The latter correction comes from the fact
that different isotopes have different velocities due to the
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isotopes’ different masses. In order to extract the IS, the
differential Doppler shift has to be determined. This is
usually done by a calibration of the acceleration voltage
(e.g., [11-13]). Another method is to record spectra with
the laser and ion beams parallel as well as antiparallel to
each other [10,14]. In this scheme, the differences in
first-order Doppler shift between accelerated ions with
different masses cancel if the frequency differences be-
tween isotopes in the two geometries are added.

In this work both methods are used to determine the
isotope shifts of sixteen transitions from levels in the
4f%F)5d configuration to levels in the 4f35d6s? and
4f5(F)6p? configurations. Two transitions are recorded
in both the parallel and antiparallel geometry. We have
used these measurements in a new approach to calibrat-
ing the ion velocity, equivalent to the acceleration volt-
age. The ion velocity can be accurately determined if the
frequency differences between isotopes in the two
geometries are subtracted instead of added. The other
fourteen transitions are recorded only with antiparallel
excitation, and the differential Doppler shift is calculated
from the ion velocity.

High-resolution measurements of hfs provide, of
course, a test of ab initio calculations, and are useful for a
correct interpretation of spectra from stars, but are also
necessary in order to determine accurately the isotope
shifts of odd isotopes. The hy})erﬁne structure of ten lev-
els in the 4f%"F)5d and 4f°5d6s? configurations have
been measured in this work. The hfs of three of the levels
have not ben measured before, whereas the others, which
have been measured previously with the laser—ion-beam
technique by Young et al. [15], are measured with im-
proved accuracy.

II. EXPERIMENT

A. Experimental setup

The experimental procedure for IS and hfs measure-
ments at the Uppsala isotope separator has been de-
scribed in recent papers [10,16]. Samarium ions, some of
which are occupying the metastable 4/ %(7F)5d levels, are
produced in an arc discharge ion source from samarium
chloride in a flow of CCl, vapor to enhance the ion pro-
duction. The ions are accelerated to an energy of 35 keV
and isotopically separated by an analyzing magnet. The
ions are excited from the metastable levels to levels in the
4£°5d6s? or 4f°6p? configurations by laser light from a
cw ring dye laser (CR-699) pumped by an argon ion laser
(INNOVA 400). Resonances are detected by observing
the laser-induced fluorescence light of 350—400 nm emit-
ted in transitions to levels in the 4f%’F)6s ground
configuration. An elliptical mirror collects the fluores-
cence and directs it to the entrance aperture of a pho-
tomultiplier tube. Various filters are used to suppress
detection of scattered laser light. The elliptical mirror is
biased with a constant potential of a couple of hundred
volts defining the interaction region by Doppler tuning
the laser light frequency with respect to the accelerated
ions. A portion of the laser light is directed into a
temperature-stabilized and sealed confocal Fabry-Pérot
interferometer (FPI) providing frequency markers.
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B. Measurements

The natural abundances of the samarium isotopes in-
vestigated here are' '¥’Sm 15.1%, **Sm 11.3%, “°Sm
13.9%, “°Sm 7.4%, '’Sm 26.7%, and '**Sm 22.6%.
When the spectrum of one isotope has been recorded for
the IS measurements, the next isotope is switched into
the beam line by changing the current through the
analyzing magnet. Each part of the spectrum is then iso-
topically pure, which can simplify the interpretation. The
IS of Sm II transitions are large and the spectra from the
odd and even isotopes overlap. Therefore, we have
recorded the frequency shift between pairs of isotopes as
shown in Fig. 1. About five recordings are made for each
pair of isotopes. By adding the frequency separation be-
tween isotopes in the spectra recorded in the parallel and
antiparallel geometry, respectively, the differences in the
first-order Doppler shift between accelerated ions with
different masses cancel. The expression for the isotope
shift is [14]

( Sv;j;i;a'llel + S,Ve:;:};?arallel)

dvis= 2 —Qua - (1

8v 4 4 is the frequency separation v ,.—v , between refer-
ence isotope A’ (154 in this work) and isotope 4
(147-150, 152), and Q4 is a correction for the second-
order differential Doppler shift. The value of Q 4, is typ-
ically a few MHz with an uncertainty of less than 0.1%.
By subtracting the frequency differences between iso-
topes, the IS and Q , 4+ cancel and an expression for the
ion velocity, v 4, may be evaluated from the first-order
Doppler shift difference:

co ( Svﬁii‘a,llel — 8V?2parallel)
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The atomic masses M, 4. are given in [17]. The IS for

the transitions recorded only with antiparallel laser and

ion beams can then be calculated by use of
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The relative systematic uncertainty of the IS originating
from the uncertainty in the ion velocity is rather small
here, since the IS in Sm 11 is large.

The transitions we have investigated are given in Fig.
2. Energy levels and transition wavelengths are tabulated
in [4,18]. The transitions at 577.89 nm (2), 592.26 nm (8),
and 596.75 nm (14) could not be found in [18], but the
transition at 596.75 nm (14) was observed earlier by
Young et al. [15] (the above wavelengths have an es-
timated uncertainty of about +0.01 nm). These three
transitions are assigned using tabulated energy levels [4]
and the assignment is supported by the observed hfs. The
number of hfs components, as well as the relative intensi-
ty of the peaks, contain information about the J quantum
number of the involved levels, since strong peaks belong
to AF=AJ transitions. The IS’s of the transitions at
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IS’s of the other transitions are recorded only in the anti-
parallel geometry.

Several of the investigated transitions are weak, which
is manifested by long lifetimes of the upper levels, in ad-
dition to which the transitions are not tabulated. For the
weakest resonances at 577.89 nm (2) and 592.26 nm (8),
with a common upper level, we observed a small peak
shifted 1.5 GHz toward higher frequency from the reso-
nances (Fig. 3) (corresponding to the —300 V of postac-
celeration). This small extra peak is interpreted as the
fluorescence from the ions that are excited upstream from
the interaction region. The fluorescence from these excit-
ed ions is observed because the upper level is long lived
and has not decayed before they enter the elliptical mir-
ror.

III. RESULTS

The positions of the frequency markers and the spec-
tral lines are determined by curve-fitting procedures. The
frequency scale is obtained in a polynomial fit of the posi-
tions of the frequency markers from the FPI. The free
spectral range (FSR) of the FPI, 149.79+0.04 MHz (70%
confidence interval) [10], gives a maximum systematic un-
certainty of 0.026% to any measured frequency
difference. The observed linewidth is about 40 MHz [full
width at half maximum (FWHM)] and arises mainly from
longitudinal Doppler broadening, due to the ion source
energy spread, and natural lifetime broadening. The ra-
tio of the Doppler shift correction Av to the separation
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FIG. 2. Partial energy level diagram of Sm 11 with the transi-
tions used indicated. The transitions are numbered after increas-
ing transition wavelength (cf. Table II). The transition marked
as ref is used as a reference in this investigation.
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FIG. 3. Recorded frequency difference between the isotopes
148Sm 11 and '*Sm 11 for the transition at 577.89 nm (2). A small
peak is observed 1.5 GHz toward higher frequency for both iso-
topes.
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Av, between hfs components is given by Av/Av,
=+v/c==+0.71 MHz/GHz (0.071%) for antiparallel
(+) and parallel (—) geometry, respectively.

A and B factors are evaluted from the well known ex-
pression for the energy contributions from the magnetic-
dipole and electric-quadrupole interactions [19]. The
final numbers are corrected for the linear differential
Doppler shift (0.071 %). This procedure is justified, since
second- and higher-order corrections are negligible. For
the transition at 577.89 nm (2), the known values of the
hfs constants for the lower level at 14 504 cm ™! [15] were
used when the 4 and B factors of the upper level at
31383.62 cm ™! were derived. This is also the upper level
in the transition at 592.26 nm (8) and its 4 and B factors
were then used when the hfs constants for the lower level
at 14085 cm™! in transition (8) were derived. This pro-
cedure is used because these transitions are weak and,
consequently, mainly AF=AJ transitions are observed
and, therefore, the number of free parameters in the fit
had to be reduced. The results for the hfs are given in

TABLE 1. Experimental hfs constants for the isotopes ’Sm11 and "*Sm11 (I=1). The levels are
assigned according to [4]. The uncertainties presented within parentheses for this work are the linear
sum of the statistical spread (70% confidence interval) and the estimated maximum systematic uncer-
tainty originating from the calibration of the FSR (0.026%). The measurements are compared with
earlier measurements of which the uncertainties are quoted from the references.

Isotope Level (cm™)) A (MHz) AW 4% B (MHz) Reference
147 4fS("F)5d *D, ,, 29.9(2) —93(6) this work
10180.70 29.9(5) —88(5) [15)
147 4f5(F)5d 8Gs —19.16(10) —175.5(9) this work
10873.30 —19.3(5) —78(5) [15]
147 4f5"F)5d G, —25.65(10) 1.20(1) —50(3) this work
12789.81 —25.8(5) 1.22(3) —46(5) [15]
149 —21.33(10) 19(4) this work
—21.1(5) 21(5) [15]
147 4f%"F)5d %G,3 —29.27(4) 1.204(4) —21(4) this work
13 604.50 —29.2(5) 1.22(3) —26(5) [15]
149 —24.30(5) 5(7) this work
—24.0(5) 3(5) [15]
149 4% F)5d *F 5, —43.23(7) —49(2) this work
14084.55
147 4f°5d6s? J=1 —178.12) —5(6) this work
26938.42 —178.2(5) —2(5) [15]
147 4f°5d6s? J=3 —82.23(8) —11.7(9) this work
27631.18 —82.7(5) —17(5) [15]
147 4f°5d6s? J=11 —144.9Q2) 1.212(3) 61(6) this work
149 29934.80 —119.6(2) —8(4) this work
147 4f35d6s? J=1 —151.09(11) 1.213(1) 90(7) this work
30879.74 —151.2(5) 1.216(6) 80(10) [15)
149 —124.60(10) —29(8) this work
—124.3(5) —24(5) [15]
149 4f35d6s? J=1 —152.16(13) 40(4) this work

31383.62
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TABLE II. Experimental IS for transitions in Sm11. The uncertainties presented include both statistical spread (70% confidence
interval) and the estimated maximum systematic uncertainty as discussed in the text.

Lower level Upper level Agic Isotope Sy 4154 Agear Ay Ao
and energy (cm™!)® and energy (cm™')? (nm)® A (MHz) (MHz)

Transitions recorded in both the parallel and antiparallel laser—ion-beam geometry

(ref) 4f%("F)5d %G 3, 4f55d6s? J=1 578.698 152 2131.4 1.0 0.6 1.6
13 604.50 30879.74 150 6430.0 0.6 1.7 2.3
149 8560 0.9 11 12
148 9356.2 1.2 2.4 3.6
147 10821 1.4 9.5 11
(3) 4f%"F)5d Gy, 4f35d6s? J=1L 583.102 152 2009.4 1.2 0.5 1.7
12789.81 29934.80 150 6061.3 1.8 1.6 3.4
149 8072 2.5 12 15
148 8814.7 2.6 2.3 4.9
147 10245 3.5 13 17

Transitions recorded only in the antiparallel geometry where the differential Doppler shift is calculated from the ion velocity

(1) 4f%"F)5d %G5, 4f°5dés? J=1 573.801 152 2866.0 2.6
14 503.67 31926.40 150 8718.5 7.3
148 12 694 11
(2) 4f%F)5d °Fy; 4f°5d6s? J=1 577.89° 152 3491.1 438
14084.55 31383.62 150 10467.6 8.8
148 15232 13
4) 4f%CF)5d G5, 4f°5d6s? J=1 583.174 152 3052.9 4.1
14503.67 31646.49 150 9163.2 7.8
148 13336 11
(5) 4f%F)5d °F, 4f°s5des? J=1 584.867 152 2018.8 3.2
14503.67 29934.80 150 6091.8 6.4
148 8862.6 9.4
6) 4f%"F)5d D, 4fCF)6p? J=1 587.811 152 2078.2 3.6
10180.70 27188.30 150 6344.3 7.1
148 9222 10
(1) 4f%F)5d %G, , 4f°5d6s? J=1% 589.739 152 1917.2 3.0
12045.17 28997.14 150 5802.8 6.3
148 8439.4 9.1
(8) 4f°%"F)5d®G,s,, 4f35d6s? J=1 592.26° 152 3464.2 9.0
14 503.67 31383.62 150 10410 14
148 15161 19
9) 4f%"'F)5d 3Gy, 4r5F)6p? J=1 593.290 152 2053.8 4.3
12789.81 29 640.51 150 6220.3 7.4
148 9045 10
(10) 4f%F)5d *Fs,, 4f°5d6s? J=1 595.582 152 1780.8 2.9
11 659.80 28445.43 150 5413.6 6.0
148 7871.4 8.7
(1) 4f%F)5d ®Ds,, 4fSCF)6p? J=3% 595.752 152 1685.4 5.8
9410.00 26 190.92 150 5231.1 8.4

148 7592 11
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TABLE II. (Continued).
(12) 4fSCF)5d °F,,, 4f55d6s? J=3% 596.322 152 1926.2 3.2
12232.34 28997.14 150 5821.5 6.8
148 8467.2 9.6
(13) 4fS5CF)5d ®D,,, 4f°5d6s? J=1 596.571 152 1709.4 2.8
10180.70 26938.42 150 5308.8 6.8
148 7703.3 9.7
(14) 4f%(F)5d *Gs ), 4f55d6s? J=3 596.57° 152 1820.5 3.8
10873.30 27631.18 150 5502.9 7.3
148 8005 10
(15) 4% F)5d *D, », 4f%CF)6p? J=1 596.882 152 2248.8 4.7
11791.05 28540.12 150 6784.4 7.1
148 9873.1 9.0

2Reference [4].
*Reference [18].

°This transition is not tabulated in [18]. The identification is made from the energy levels in [4] (see text).

Table I together with previously published data. The un-
certainty of the B factor is much larger than the uncer-
tainty of the A factor because the contribution of B to
the hfs is 10-300 times smaller.

It is expected that the ratio of A factors between the
two isotopes ¥’Sm and !*Sm equals the ratio of
magnetic-dipole moments u; between the same pair of
isotopes (I =1 for both isotopes). Any anomaly would
arise from s and p, /, electrons. The ratios in Table I are J
independent within the experimental uncertainties. The
weighted means of the ratios of A factors in this work are

AW/ A4 F)5d]=1.2403(33) ,
AW/ AW[4f55d6s]1=1.2124(9) .

Provided that CI between levels in the 4% F)5d and
4f5F)6s configurations is negligible, the ratio
AW/ 4[4f%F)5d] is expected to be equal to the ra-
tio of magnetic-dipole moments. According to [4], the
levels have high purity. The ratio 447/ 4'[4f%F)5d]
is therefore used in the evaluation of the anomaly for the
4£3("F)5d 6s configuration:

A=(AYW/4™[4f55d6s]){ A /AW [4f5F)5d ]}

—1=0.0067(35) .

The result of the IS in the transitions at 578.698 nm
(ref) and 583.102 nm (3), recorded with parallel as well as
antiparallel laser and ion beams, is given in Table IT A.
The presented uncertainty is the linear sum of the statisti-
cal spread on a 70% confidence level and the estimated
maximum systematic uncertainty. The systematic uncer-
tainty originates from the uncertainty in the FSR
(0.026%), and for the odd isotopes also from the estimat-
ed maximum systematic uncertainty in the center of

gravity of the hyperfine multiplet.

The ion velocity of '**Sm 11 is calculated using Eq. (2).
We have used the frequency difference between even iso-
topes for the calibration, since the odd isotopes have
larger uncertainties in the center of gravity. The statisti-
cal uncertainty of the ion velocity is 0.024%, which, to-
gether with the systematic uncertainty originating from
the FSR (0.026%), gives an uncertainty of 0.050% to the
calculated differential Doppler shift (the differential
Doppler shifts is of the order of —7 GHz between iso-
topes 154 and 148), and 0.10% to the acceleration volt-
age. The result from the calibration of the acceleration
voltage is 34.96 (4) kV, which is in good agreement with
the value 34.98 kV on the acceleration voltage display
(the postacceleration voltage is taken into account). The
result shows that this is a suitable method to calibrate the
acceleration voltage. The IS’s of the transitions recorded
with antiparallel laser and ion beams are calculated using
Eq. (3) and the result is given in Table II B. The uncer-
tainty presented is the linear sum of the uncertainty in
the measured peak separation and the uncertainty in the
calculated differential Doppler shift.

IV. INTERPRETATION OF RESULTS

A. Level shifts

Since we have measured the IS for a number of transi-
tions with a common upper or common lower level (Fig.
2), differences in level IS can be derived for several levels.
The level IS’s of the lower levels are expected to be al-
most equal if the interaction with levels in the ground
configuration 4°6s is negligible. It should be pointed
out that the lower-level 4% "F)5d G s,, at 14 503.67
cm ™! cannot mix with levels in 4/ %F)6s, since there are
no levels with J =2 in that configuration. From Table
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TABLE III. Evaluated level IS between **Smi1 and *®Sm11. The second column gives the level IS
from [5] of the upper levels, and the fourth column gives the transition IS from this work. The level IS’s
in columns 3 and 6 are calculated using our data in combination with the data in column 2 of the upper
and lower levels, respectively. IS’s are given in MHz.

Upper level Level IS Level IS Transition IS Lower level Level IS
(em™) from [5] (calc.) from this work (ecm™?) (calc.)
26190.92 7705 7592 9410.00 113
26938.42 7774 7703 10 180.70 71
27188.30 9293 9222 10 180.70 71
27631.18 8154 8005 10873.30 149
28445.43 8514 7871 11 659.80 643
28 540.12 7735 9873 11791.05 —2138
28997.14 8439 12045.17
8467 12232.34
29 640.51 9204 9045 12789.81 159
29934.80 8974 8815 12789.81 159
8974 8863 14 503.80 111
30879.74 9356 13 604.50
31383.62 15272 15222 14 084.55 40
15272 15161 14 503.67 111
31646.49 13447 13336 14 503.67 111
31926.40 12805 12694 14 503.67 111

III, it is clear that the level IS for the lower levels are
fairly equal, while they vary more for the upper levels.
Six of the upper levels in this investigation are also inves-
tigated in [5], where the level IS between the isotopes 154
and 148 were evaluated. A number of level IS’s can be
calculated from our data in combination with the data in
[5]. The result is given in Table III.

According to [4], all even levels investigated in this
work, except 4f%'F)5d 8F;,, at 11659.80 cm™!, have
negligible CI. The large level IS of 8F,,, at 11659.80
cm ™ !in Table III could arise from CI, whereas this is not
likely for the level 8D, ,, at 11791.05 cm™!. A compar-
ison with the derived level shifts in [5] and the transition
IS’s obtained here supports the conclusion that CI is
negligible for the other lower levels. The mean level IS
for these lower levels is 107 MHz.

B. King plots

The IS is assumed to be the sum of the FS, depending
on the nuclear charge distribution, and the MS, caused
by the difference in nuclear mass. The MS is, in turn,
defined to be the sum of the NMS and the SMS. The va-
lidity of this assumption can be checked by a King dia-
gram [20]. In a King diagram the modified residual IS
(80') for a transition a is plotted versus the modified re-
sidual IS for a reference transition for all isotopes (see,
e.g., [2,3]). The modified residual IS for an isotope 4 is
obtained by subtracting the NMS from the IS and multi-
plying  with  [(Mysq—M5;)M 4 /(M 5,—M )M 5, ],
where the isotope pair 154-152 is chosen to be the stan-
dard pair of isotopes in this work. The transition at
578.698 nm (ref) is taken as reference, since the IS for this
transition is the most accurate. If the assumption is valid,
the points follow a straight line according to

80, =(F o /F s)AC o
(ka_krefFa/Fref)(M154 —Ms5,)
(M 54Ms,)

4)

The slope of the line F,/F . is the ratio between the
electronic part of the FS of the two transitions and from
the intersection of the line with the y axis we obtain the
parameter (k,—k_¢F,/F ), where k is proportional to
the electronic part of the SMS. In the King plot of the
transition at 583.102 nm (3), a small deviation from the
line of 13 MHz, slightly larger than the experimental un-
certainty of 5 MHz, is noticeable for the isotope pair
147,154gm 11 (Fig. 4). The deviation, if not accidental,
might be an effect of second-order hyperfine interaction,
which mixes levels with different total angular momen-
tum J and shifts the center of gravity of the hfs. The
effect of second-order hfs on the IS in Sm 1 has been ob-
served by Brandt, Seibert, and Steudel [21] and calculated
by Labarthe [22], but we have not found any estimates of
this effect in Sm 11. The shift is proportional to the square
of the magnetic-dipole and electric-quadrupole moments,
respectively, [2], and is therefore larger for '4’Sm than for
19Sm. The King parameters for all transitions are listed
in Table IV. The measurement of *’Sm 11 is excluded in
the derivation of the King parameters for the transition
at 583.102 nm (3).

In order to derive absolute values of the FS and the
SMS, they have to be known for one transition and then
the FS and SMS for other transitions can be evaluated by
means of the King parameters obtained from the data. In
the case of samarium, the SMS can be determined by
comparing the IS in Smi with the IS of a pure
6s2—6s6p transition in Sm1. A pure 6s2—6s6p transi-
tion is expected to have a small SMS [3]. IS’s of several
transitions between the ground configuration 4% 6s? and
the upper configurations 4f%6s6p and 4f°5d6s? have
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TABLE IV. King parameters and field and specific-mass shifts. The uncertainties presented within
parentheses for the King parameters are the standard errors from the fits. The uncertainty for the FS
and SMS originates mainly from the SMS of the 6s2— 6s6p transition in [23].

)\'a (Ka —KtefFa /Fref) FslSZ, 154 SMslSZ, 154
(nm) F,/F X2/152-154 (MHz) (MHz) (MHz)

Sm 1: 589.97 —0.4892(3) —235.0(8) —1266(10) 0.0(9.3)
(ref) 578.698 1 0 2587(19) —480(19)
(1) 573.801 1.381(5) —68(12) 3574(29) —732(19)
(2) 577.89 1.607(3) 81(7) 4160(32) —690(32)
(3) 583.102 0.942(1) 0(4) 2437(18) —452(18)
(4) 583.174 1.410(2) 58(4) 3647(27) —619(20)
(5) 584.867 0.9478(4) —2(1) 2452(18) —457(20)
(6) 587.811 1.0106(4) —75(1) 2615(19) —561(20)
(7) 589.739 0.9083(5) —21(2) 2350(17) —457(19)
(8) 592.26 1.607(4) 55(10) 4158(32) —718(33)
(9) 593.290 0.9748(2) —24(4) 2522(19) —492(20)
(10) 595.582 0.8612(7) —63(2) 2228(17) —477(19)
(11) 595.752 0.86015(2) —150.6(1) 2225(17) —564(17)
(12) 596.322 0.9085(7) —12(2) 2350(18) —448(19)
(13) 596.571 0.8738(3) —155(1) 2261(17) —575(19)
(14) 596.57 0.8593(1) —13.7(3) 2223(17) —426(20)
(15) 596.882 1.0554(6) 1(2) 2731(20) —3505(21)

been accurately measured with the laser—atomic-beam
technique by Brandt, Seibert, and Steudel [21]. The tran-
sition at 598.97 nm is chosen to be a pure 65— 6s6p
transition in Sm1, with negligible SMS. The upper level
has 99.7% purity in the configuration 4/ 6s6p according
to [4], which is supported by the investigation in [21]. A
King diagram of this transition against the reference in
Smi gives F(6s>—6s6p)/F, ;= —0.44892 (3) and
[k (65*—656p)—k F(65>—656p)/Fc]=—2750 (10)
GHz amu (Fig. 5). The value k (6s2— 656p )=0+9 MHz
from [21] is used in a calculation of the SMS for the refer-
ence transition. The FS of the reference transition is ob-
tained by subtracting the SMS from the residual IS. For
the other transitions, the FS is calculated from the ratio
F,/F_ 4 and the SMS is calculated by subtracting the FS

3200 (154,14 y
. (154,150)..,

S~ (154,148)
(154,147)

3000 i~

2800

2600

:

Mod. res. IS (583.102 nm) (MHz)

2400 = /

2200 k » 3

2000 = G/<154,15:'z)

1 1 1 1

800
2000 2200 2400 2600 2800 3000 3200 3400
Modified residual IS (578.698 nm) (MHz)

FIG. 4. King diagram of the modified residual isotope shifts
of the transition at 583.102 nm (3) against the reference transi-
tion at 578.698 nm in Sm1II. A small deviation from the straight
line is observed for the isotope '4’Sm 11.

from the residual IS. The results are given in Table IV.
The uncertainties of the FS and SMS originate mainly
from the estimated SMS of the 6s2— 6s6p transition. It
is expected that the FS is large and positive, and the SMS
large and negative, for pure 4f°5d —4f°5d6s transi-
tions, whereas for pure 4f%5d —4f°6p transitions the
FS should be small and positive, and the SMS small and
negative (see Appendix A). Since the level shifts of the
even levels are fairly equal, the composition of the odd
levels is qualitatively described in the plot of the FS
against the SMS in Fig. 6 and hence no clear distinction
between transition IS and level IS of the upper levels is
used in the following.
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FIG. 5. King diagram of the modified residual isotope shifts
of the 4/%6s2—4° 6s6p transition at 598.97 nm in Sm I against
the reference transition at 578.698 nm in Sm 11.
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FIG. 6. The field shift as a function of the specific-mass shift
for the Sm 11 lines investigated in this work.

C. Shaﬁng rule

In a first approximation, the IS for all levels within a
pure configuration are equal. Then the IS of a level in a
mixed configuration equals the sum of the IS’s of pure
configurations AT; multiplied by the mixing coefficients
¢; according to the sharing rule [2]:

Avig=3,c;AT;
=2ici(AV§:’S+AV§MS+AVgMS) N Eici=1 . (5)

For a mixing of two configurations, Avig=c,AT,
+(1—c,)AT, and thus the IS, the FS, and the SMS all
have the same linear dependence on the mixing
coefficient ¢;. A plot of FS versus SMS should then give
a straight line if the levels are composed of two
configurations. This is valid for the data in Ref. [23].
From this straight line it is possible to derive the mixing
coefficients provided that the FS or SMS is known of the
pure configurations. An investigation of this type is
presented in [24]. It is clear from the plot in Fig. 6 that
the sharing rule for two configurations is not valid for all
transitions in this investigation and we will therefore ex-
tend the treatment to include the 4/ 5d? configuration.
CI of the odd levels with the 4/ 5d? levels was already
suggested in [5].

The FS in a 4f°5d6s —4f° 5d? transition is large and
negative due to the 6s-electron transition. The SMS for
the 4f°6s—4f%5d transition is determined by Brandt,
Seibert, and Steudel [6] for a change of two neutrons to
be —30+£60 MHz. The SMS for the 4f° 5d6s —4f> 5d?
transition is approximately the same (see Appendix A
and [2]) and, therefore, essentially zero. Hence, any small
admixture of 4f°5d? in 4f°5d6s is expected to reduce
the FS considerably and the SMS hardly at all. |

The 4f%6p —4f°5d? transition gives a small positive
FS due to less screening of the 5s electrons in the 4> 542
configuration, whereas the SMS is expected to be large
and negative due to the 4f electron transition (see Appen-
dix A). An admixture of 4/°5d? in 4/ %6p should then in-
crease the FS slightly and reduce the SMS considerably.
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Deviations from a straight line for the plot of the SMS
versus the FS are obvious in Fig. 6.

The transition IS, in our case with a pure lower
configuration, may be expressed as

Avig=xAT(4f°6p)+(1—x)[yAT(4f°5d6s)
+(1—y)AT(4f35d%)]—AT(4f%5d) , (6)

where x,y =[0-1]. The values AT(4f°5d6s) =15289
MHz, AT(4f°5d%)=4647 MHz, and AT(41°6p)=1799
MHz are given in [5]. AT(4f°5d)=107 MHz is the
mean of the level shifts derived in Table III. The IS is
plotted as a function of the composition of 4f¢6p (x) in
Fig. 7 for different values of y. The diagram is a triangle
with the IS for the pure configurations in each corner, IS
for mixing of two configurations along the sides, and IS
for mixing of three configurations in the plane spanned
by the triangle. y =1 (no contribution from 43 5d?) for
the points on the line in Fig. 6 and we can therefore
derive the composition [x4f%6p +(1—x)4f> 5d 6s] of the
upper levels using the sharing rule (excluding transitions
1, 6, 9, 10, 11, and 13), i.e., Eq. (6) reduced to
Svig=1799x +15289(1—x)— 107 if we insert the numeri-
cal values of the AT;:s. For instance, the level at 31384
cm™! turns out to be pure 4f°5d6s,! ie., x =0, y =1.
Transitions below the line in Fig. 6 have an upper level
that contains a mixing of three configurations. However,
from the discussion above, it is clear that any change in
the SMS must depend only on an admixture of 4f°6p

IS(y=1.00)
— — — IS(y=0.90)
16 T T —
'4 Sdos N . IS(y=0.80) = |
N ~‘\\ 1S(y=0.70)
N — ~ —_—-— y=0U. ! —
R I DN |
= 10 SN IS(y=0.00) -]
: SOSNNNLO
= 8 3D —
w)
2 6 _
[=]
2
S 4 I .
L]
2 —d
0 1 f | ] ] |

-0.2 0 0.2 0.4 0.6 0.8 1 1.2
Composition of 4f66p (x)

FIG. 7. The transition IS as a function of the composition of
4fS6p in the upper level for different
values of y: IS=xAT(4f°6p)+(1—x)[yAT(4f>5d6s)
+(1—y)AT(4f35d%)]—AT(4f%5d).

IThe 4f —6s one-electron transition is not allowed. There-
fore, the level cannot be 100% pure. However, the transition is
very weak and, within the uncertainty of the compositions de-
rived in this work, we can say that it is close to 100% pure.
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TABLE V. Assignments of the upper levels from literature and tentative
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compositions,

(1—x)y|4f35d6s)+x|4f%6p)+(1—x)(1—y)|4f>5d?), from this work. The estimated uncertainty is

8%.
Tentative composition
from this work (%)
Energy Assignment Composition 4f35d6s  4fS6p 4f55d?
(cm™) J in [4] from [5] 100(1—x)y -100x 100(1—x)(1—y)
2619092 5/2  4fSe6p 4fS6p 36 27 27
26938.42 7/2 4f35d6s 36 24 40
27188.30 7/2 4fS6p 4£35d6s +other 51 27 22
27631.18 5/2  4f°5d6s 4£5(5d6s +5d%)+4f°6p 47 53
2844543 7/2  4f35dé6s 4f%(5d6s +5d)+4f%6p 43 44 13
28540.12 11/2 4f%6p 4fS6p 61 39
28997.14 9/2 4f35d6s 50 50
29640.51 1372 4fS6p 4f55d6s 53 41 6
29934.80 11/2 4f35dés 53 47
30879.74 13/2 4f35d6s 57 43
31383.62 15/2 4f35d6s 100
31646.49 15/2 4f35dé6s 87 13
3192640 15/2 4f°5d6s 75 25
(and not on 4f° 5d2) and, hence, the level at 31926 cm ™! ACKNOWLEDGMENTS

(transition 1) must have x =0 and y+#1. y can
then easily be obtained from Avig=yAT(4f55d6s)
+(1—p)AT(4f°5d*)— AT(4f55d). Similarly, for all
other transitions below the line y =1, x can first be ob-
tained from the SMS alone and y then from Eq. (6). The
results are listed in Table V and a more detailed discus-
sion on this procedure is found in Appendix B. The es-
timated uncertainty of the composition is 8% and origi-
nates from the uncertainty in FS (1%), SMS (5%), and
from AT (2%) [5].

V. DISCUSSION

In this work, we have presented accurate measure-
ments of hfs and IS in Sm11. For the hfs measurements,
we have obtained improved accuracy and the results are
in good agreement with earlier measurements. The tran-
sition IS’s measured here have, to our knowledge, not
been measured previously. Our approach to using an iso-
topically pure ion beam and switching consecutive iso-
topes into the beam line within a laser scan for the IS
measurements is advantageous when there is an overlap
between the spectra from different isotopes, since it
simplifies the determination of the peak positions. An ap-
proach to the absolute calibration of the acceleration
voltage is presented. The achieved accuracy of 0.1%
compares well with accuracies obtained with other
methods. Tentative compositions of the upper levels are
evaluated from derived FS and SMS using the sharing
rule. The result confirms the assignment in [5] in most
cases.

Finally, the work points out the need for further devel-
opment of ab initio calculations of the wave functions of
heavy many-electron atoms. The knowledge of the elec-
tronic structure of Sm1II is far from complete, but sys-
tematic experimental and theoretical investigations could
be expected to lead to new insights into the many-
electron system.

This work was supported by the Swedish Natural Sci-
ence Research Council (NFR) and the Knut and Alice
Wallenberg foundation.

APPENDIX A

This appendix describes qualitatively isotope effects in
pure configurations. The isotope shift (IS) is assumed to
be separable into the field shift (FS) and the mass shift
(MS), the latter divided into the specific mass shift (SMS)
and the normal mass shift (NMS)

MA_MA'(

8‘V=8‘VF3+5VMS=F7\,AA'+ ‘W

knms Thsms) -

(A1)

In a first approximation, the term dependence of the SMS
is neglected, i.e., we assume that the differences between
the isotope shifts of the centers of gravity of the
configurations are much larger than the parameters
describing the changes inside pure configurations [2].
The formal expansion for the configuration average of the
SMS is given by

2INN'

- 2] 1] —
ksws =2 2 iy —17+2) er 1D

(A2)

where N is the number of nl electrons, N’ the number of
n'[l —1] electrons, and J(nl,n’[l —1]) the Vinti integral
[25]. The sum is taken over all pairs of complete and in-
complete subshells. It is straightforward to calculate the
angular part of Vinti’s k factor and, hence, express the
SMS for the configurations of interest here as a function
of the square of the Vinti integrals.

The electronic part of the FS is proportional to the
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electron density at the nucleus |¥(0)|2. In first-order per-
turbation theory, F is expressed as

F<'S q,|¥,(0), (A3)

where g, is the number of ns electrons present in that
state. The relativistic contribution from np,,, electrons is
omitted here. Screening is accounted for by screening
factors in the following way:

W03 65, = XiarX5:X5a2 (O3, (Ada)
(W01 66, =X47X5:X6p 2| (O3, (A4b)

W03 /556, =XarXsa | WOE, + Xi5x6X55X5a21 WO) S
(Adc)
W0} 55,2 =XarX5: X532 (0N 3, (Add)

where the shielding of inner s electrons by 4f, 5s, 6s, 5d,
and 6p electrons has been neglected. ¥ =1 is no screening
and y =0 is full screening.

A qualitative estimate of the SMS and the FS for the
different types of transitions involved is obtained by tak-
ing the difference between the SMS and the FS for the
configurations involved.

1. 4f °5d —4f35d6s

Mgys < —(3/7)J%(4f,nd)

—(3/70)J%(4f,5d)+J *(np,6s) , (A5a)

F; < XarXsa WO 2, + (X —Xar WarX s X522 W(0) |3
(A5b)

The SMS is expected to be large and negative because we
have a reduction in the number of 4f electrons (which
couple strongly with the nd electrons [26]). The coupling
of the 6s electron to other electrons is weak. The FS is
expected to be large and positive due to the 6s electron
but also because of the loss of a screening 4f electron.

2. 4f%5d >4f°6p

Mgys < —(9/35)7%4f,5d)—(2/5)T%(5d,np)

+(2/3)J%(nd,6p)+(1/3)J6p,ns) , (A6a)

F; <(Xep _XISd)ngXSSZ!\P(O)@s . (A6b)

The SMS is expected to be small and negative because the
5d electron couples more strongly with np electrons than
the 6p electron couples to ns electrons. The contributions
from the other integrals are expected to be small. The FS
is expected to be small and positive if the 5d electron
shields more than the 6p electron.

VILLEMOES, WANG, ARNESEN, WEILER, AND WANNSTROM 51

3. 4f55d —>4f°5d?

Mgys < —(3/7)J%(4f,nd)

+(6/35)J44f,5d)+(2/5)J%5d,np) , (A7a)
F; o< (X'sq— Xag XX ssX5a2| W03 (A7b)

The SMS is expected to be large and negative. The 4f
electron couples strongly with the nd electrons but the
SMS is slightly compensated in this transition by the
presence of the 5d electron, which couples fairly strongly
with inner p electrons. The FS is expected to be positive
if the 4f electron shields more than the 5d electron [2].

APPENDIX B
The transition isotope shift (IS) can be expressed as
Avig=xAT(4f°6p)+(1—x)[y AT (4" 5d6s)
+(1—y)AT(4f55d?)]
—AT(4f%5d) , (B1)

where x,py=[0-1] and AT(4f%6p)=1799 MHyz,
AT(4f%5d6s)=15289 MHz, AT(4f35d%)=4647 MHz
[5], and AT(4f%5d)=107 MHz.

For the points on the line in Fig. 6, we assume that
y =1, which is consistent with AT(4f°5d6s)=15289
MHz and the fact that no data points exist above that
line, and we can derive the composition of the upper lev-
els using the sharing rule (excluding transitions 1, 6, 9,
10, 11, and 13) from

Avig=xAT(4f°6p)+(1—x)AT (4> 5d6s)
—AT(4f%5d) , i.e. , (B2)
AT(4f°5d6s)—AT(4f°5d)—Avig  15182—Awyg
T AT(4F5d6s)—AT(4f%6p) 13490
(B3)

The result is shown in Table VI below.

For these transitions, it is also possible to calculate a
one-to-one correspondence between the SMS, the FS, and
x. The results, using linear regression, are

TABLE VI. The composition x4f%6p +(1—x)4f°5d6s cal-

culated from Eq. (3). The IS’s are given in MHz and the upper

level energy in cm ™.

Upper

Trans level IS FS SMS x
2 31383 15222 4160 —690 0

8 31383 15222 4158 —718 0

4 31646 13336 3647 —619 0.13
15 28 540 9873 2731 —505 0.39
ref 30879 9356 2587 —480 043
13 29934 8815 2437 —452 0.47
5 28997 8439 2350 —457 0.50
7 28997 8439 2350 —4438 0.50
14 27631 8005 2223 —426 0.53
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Avps=—3619(22)x +4147(9) , (B4a)
Avgys=508(17)x —699(7) , (B4b)
Avgys= —0.1405(41)Avps— 116(12) . (B4c)

For the points in the plane below the line in Fig. 6 it is
clear that Eq. (B1) cannot be used as it stands (or with in-
serted numbers),

Avig=1799x +(1—x)[ 15 289y +4647(1—y)]—107 ,

(BS)

because without any other knowledge, for any given tran-
sition isotope shift IS, we obtain a set of solutions defined
by the equation

Avig—1799x +107
—4647
(1—x)

y= 10 642 , (B6)
where, of course, there is a constraint that 0<x <1 and
0=y =1. However, according to the sharing rule, Eq.
(B1) holds also if we look at the SMS, or the FS, separate-
ly, i.e.,

Avgys=x AvEE+(1—x)[y Avs+

(1 —y)AVSMS
— AV (B7a)
AVFS=xAv;é6”+(1—x)[yAvFSGS-Hl—y)AV
—AviLe .

Recollecting the discussion in Appendix A, the SMS for a
4f°5d —4f%6p transition is small and negative, for a
4f°5d —4f°5d> large and negative, and for a
41%5d —4f° 5d6s large and negative. However, the SMS
for the 4/%6s—4f°%5d “transition” has been determined
by Brandt, Meissner, and Steudel [6] to —30+60 MHz
and the SMS for a 4f35d6s —4f>5d? transition is ap-
proximately the same, i.e., essentially zero. Hence, the

(B7b)
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TABLE VII. x (the fraction of 4f%6p) calculated from Eq.
(13) and y calculated from Eq. (8). The fractions of 4f°5d6s
and 4f°5d? are then (1—x)y and (1—x)(1—y), respectively.
The IS’s are given in MHz and the upper level energy in cm ™.

Upper
Trans level IS SMS x (1—x)y
6 27188 9222 —561 0.27 0.51
9 29 640 9045 —492 0.41 0.53
10 28 445 7871 —477 0.44 0.43
11 26190 7592 —564 0.27 0.36
13 26938 71703 —575 0.24 0.36
1 31926 12 694 —732 —0.062 0.75

SMS observed does not depend at all on the mixture of
4f55d6s and 4/ 5d? but only on the amount of 4/ 6p,
or, rewriting the expression for the SMS above,

Avgys =x AvEE+(1—x)[ AvGS+(1 _J’)AVSMS_A"gﬁsd]
m~x AvHE+(1—x)[ AvES+(1—y) AvEs— AvER2]
=x AvH{E+(1—x)AvE7 . (B8)

Hence, the mixing factor x is determined solely by the

SMS and rewriting (B8) as
Avgys= (AVER— AvES)x + (AvES— AV  (BY)

we see that this is the same as Eq.(5).
stead we obtain

x =1.9507 (64) 10 3Avgs+1.366 (34) .

Solving for x in-

(B10)

The result is shown in Table VIL. Also, y can be ex-
pressed as a function of the SMS only:
(Avig—3.509Avg s —2350)
IS — SMs 4647
(—1.950710" °Avgps—0.366)

y= 10642 . (B11)

The results above are summarized in Table V.
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