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Measurement of hyperfine structure and isotope shifts
in the 580.56nm line of 42714516,18.150N g+
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Isotope shifts and hyperfine spectrum of singly ionized neodymium ion was measured by collinear fast-ion-beam

laser spectroscopy. The hyperfine A constants and B constants are obtained for the (23230)8/2 level and 4f*5d 6K9/2

level, respectively. The optical isotope shifts between seven isotopes in the 580.56 nm of 142—145,146,148,150N(+ ]ine are

o

determined. The configuration admixtures for (23230)

9/2

level were quantitatively analysed to be 4f46p, 4f35d2, and

4f35d6p with mixing coefficients of 67%, 5%, and 28%, respectively.
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1. Introduction

In recent years, many works were contributed
to the measurement of hyperfine structure (HFS)

(1-3] Hyperfine structure in atomic

and isotope shifts.
ions is caused by the electromagnetic interaction be-
tween the nucleus and orbital electrons. Not only
the information of nuclear structure but also elec-
tronic properties of ions can be obtained through
studying the HFS of ions.

ture of singly charged ions has been extensively in-

Thus, hyperfine struc-

vestigated for many ions and much information has
been obtained.[*%] The collinear geometry technique
provides a powerful method of high precision spec-
troscopy. Because of the kinematic compression when
ions are accelerated, sub-Doppler resolution can be ob-
tained with a collinear geometry. The use of isotope
separator permits selective measurement of different
isotopes. These two properties make the collinear fast-
ion-beam laser spectroscopy very powerful and accu-
rate. Collinear ion-beam laser spectroscopy has been
used for hyperfine structure measurement of La III¢
and Tb IL[7

Hyperfine energy level splitting is a result of the
interaction between valence electron and the nucleus.

In first order perturbation theory, the hyperfine en-

ergy splitting AF is expressed as the sum of magnetic
dipole term AFyp and the electric quadruple term
AFgq as follows: 8l
3
—lKA_|_ ZK(K—I— 1)-I(IT+1)J(J+ l)B
2 21(21 —1)J(2J — 1) ’

where
K=FF+1)—-II+1)—J(J+1). (2)

The F' is the total angular momentum, FF =1+ J; I
and J are the nuclear spin and the total electronic an-
gular quantum numbers, respectively. A and B are the
magnetic dipole and electric quadruple coupling con-
stants, respectively. The energy shift A Eyp is caused
by the interaction between the internal magnetic field
produced at the nucleus by orbital electrons and the
nuclear magnetic dipole moment. AFEgq corresponds
to the interaction between the electric field gradient
and the nuclear quadruple moment.

Accurate rare-earth abundances are of interest
in the study of chemically peculiar stars. Therefore
an accurate knowledge of hyperfine structure of rare-

earth is necessary.?) Nd has five stable even isotopes
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and two odd isotopes, and both odd isotopes 43Nd

and '%°Nd have nuclear spin I = Z There are about
one thousand of even and odd energy levels of singly
ionized neodymium known.['%!1 The isotope shifts
between #4Nd* and '»°Nd* in the energy range from
2700 to 27000cm~! were measured by Fourier trans-
form spectroscopy[!? and those between *2Nd* and
144Nd* at the spectral lines of 393-476nm were mea-
sured by the traditional interferometric technique,!**
with uncertainty of tens to hundreds of MHz. In this
work, the hyperfine A and B constants for *3Nd*
and °Nd* and isotope shifts between even stable

142-146,148,150Nd+ ipn 580.56nm spectral line

isotopes
were determined using collinear fast-ion-beam laser

spectroscopy.

2.Experimental methods and re-

sults

The experimental setup is shown in Fig.1. A 30kV
electronic isotope separator (Danfysik 1080-30) was
used to produce a singly ionized neodymium ion beam.
The ions were produced in a low-voltage electron-
impact hollow cathode ion source (Danfysik 911A) op-
erated at a gas pressure of about 2x1073Pa, focused
by an electrostatic lens and injected into an analysing
magnet, and an isotopically pure ion beam was se-
lected. The ion current was monitored by a Faraday
cup after the interaction region. The beam current
was typically of the order of 1-2uA when neodymium
chloride was used as a precursor in the ion source. In
order to avoid collision quenching, collision-induced
ion beam excitation and radiation trapping, the cham-

ber vacuum was kept below 3x10~°Pa.

A single-mode Coherent 899-29 Autoscan ring dye
laser was used to provide light with a bandwidth less
than 1MHz.

nova Sabre Ar-ion laser at a wavelength of 514.5nm.

The dye laser was pumped by an In-

The laser beam was steered through a Browster win-
dow into the chamber and then through a set of aper-
tures that define the ion beam path to obtain a good
antiparallel overlap between the laser and NdT ion
beams in the detection region. The dye used in this
work was Rhodamine 6G. The frequency of the dye
laser was measured by a home-made wavemeter cal-
ibrated by the iodine absorption spectrum. A 100-
cm confocal Fabry—Perot interferometer (FPI) with
free spectral range 146.5+0.1MHz was used to accu-

rately calibrate the fluorescence spectra and check for

scan nonlinearities. To prevent the depletion of the
metastable state by laser light before the ion beam en-
ters the chamber, a three-part post-acceleration elec-
trode structure was placed in the chamber. The two
outer discs were electrically grounded and the mid-
dle one was held at a negative potential of 1000V,
where the ions are accelerated locally. Because of the
different Doppler shifts, the ions outside of the elec-
trode structure are not affected by the laser, and they
are typically off resonance by ~7.5GHz. Keeping the
post-acceleration potential fixed, the laser is scanned
to bring it into resonance with the ions. Stray light
from the laser beam was suppressed by an appropriate
combination of a broad-band filter and a monochro-
mator. The fluorescence light was focused by a set of
lens and detected by a photomultiplier (EMI 9789B).
The fluorescence from the laser-excited ion beam and
signals from two photodiodes accepting the transmit-
ted light through the FPI and the iodine cell were si-
multaneously recorded by the three-input multichan-

nel analyser.

Art laser ring dye laser
|

I R

ion source Ly

PD

mirror

iodine cell L
F-P interferometer

Fig.1. Schematic of collinear Nd ion-beam-laser ap-
paratus. PMT, PD, and HV are the abbreviations for
photomultiplier tube, photodiode, and high-voltage,

respectively.

The energy-level diagram in Nd II investigated
is shown in Fig.2, where the laser-excited opti-
cal transitions from the metastable levels are in-
dicate by upward arrows. The resonant spectrum
for 142-146,148,150Ndq 1] from the metastable 4f*5d
GK9/2 level to the excited level (23230)8/2
Typical hyperfine spectrum of '*3Nd7 is

is shown
in Fig.3.
shown in Fig.4. All the hyperfine components are
resolved and assigned. The isotope shifts between
seven stable isotopes of Nd II in the 580.56nm spec-
tral line are presented in Table 1. The quoted er-
ror 9MHz comes from the uncertainties of determining

the centres of iodine absorption peaks and the reso-
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nant peaks. The magnetic-dipole constant A and the ,;'
electric-quadrupole constant B were derived from the 8 | 142 144 150
measured hyperfine spectra. The results are shown in 5 4 148
Q
Table 2. g8
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Fig.3. Measured fluorescence spectrum in the line
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Fig.2. Energy levels of Nd II investigated in this work.
The laser induced transition from the metastable 4f*5d

configuration is indicated by the upward arrow.

Relative frequency/GHz

Fig.4. Hyperfine structure spectrum in the 580.56 nm line
of 143Nd*. F and F’ are the total angular momentum of

the upper level and lower level, respectively.

Table 1. Isotope shifts (Arg) and modified isotope shifts (Apg) in 580.56nm

line and Awg for 4f*6s—4f*5d transition in Nd II.

Isotope pairs 580.56nm 4f*6s-4f*5d[12]
Ars/MHz Anrs/MHz Anis/MHz
142-144 1221(9) 1185 -1998
144-146 1110(9) 1110 -1902
146-148 1326(9) 1365 -2190
148-150 2007(9) 2118 -3051
142-143 558(9) 1074 —1881
144-145 420(9) 831 -1644
Table 2. Measured hyperfine A and B constants in the line 580.56nm of 143:145Nd+.
A/nm J level /cm ™! A/MHz B/MHz
143N q+ 145N g+ 143N g+ 145N g+
580.56 9/2 6005 —200.2 £ 1.5 -1241+ 14 -120.5 £ 8.1 65.7 + 11.8
9/2 23230 -197.2 £ 0.7 -121.1 £ 1.2 -106.1 £ 9.4 -52.0 £ 9.1

3. Determination of configuration

of admixture

The isotope shift (Ajs) is assumed to be the
sum of the field shift (Aps) depending on the nuclear
charge distribution, and the mass shift (Ays) caused

by the difference in nuclear mass. Ayg is defined to

be the sum of the normal mass shift (Axms) and spe-

cific mass shift (Agms). A King plot is constructed

to separate the Anxms, Asms and Apg from the mea-
sured Arg. Isotopes 144 and 146 of Nd II are taken as
a standard pair. The modified isotope shift between
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an isotope pair with mass numbers v and v/'(y’ > )
is

Av(MIS)yy = piyy X AV(IS)yy, (3)

where the modifying factor p..s is defined as p ' =

2 Xy xy

144 x 146 x (' — )"
spectral line 580.56nm is listed in Table 1, together

with the modified isotope shift for 4f*6s-4f*5d transi-
tion in Nd IL.['2] The King plot of the modified isotope
shift in spectral line 580.56 nm against that for 4f*6s—

4f*5d transition was shown in Fig.5, where the solid

The modified isotope shift in

line is a least-square fit. In order to derive absolute
values of Apg, it has to be known for one transition
and then the field shifts for other transitions can be
determined by means of the King parameters obtained
from the slopes of the fitted lines. The field shift for
the standard pair for 4f*6s—4f*5d transition in Nd II is
known as —2031MHz.['2! For the standard pair 144Nd*
and SNd*, the field shift in the line 580.56nm is
1806MHz, the normal mass shift, the specific mass

shift, and field shift between two isotopes in the line
580.56 nm were separated from the measured isotope
shift and listed in Table 3.
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Fig.5. The King plot. The modified isotope shifts
in the line 580.56nm (this work) are plotted against
those for 4f%6s-4f*5d transition. The solid line is a
least-square fit.

Table 3. Ars, Ams, ANnMs, Asus and Aps in the line 580.56nm in Nd II.

Isotope pairs Ars/MHz Anms/MHz Anms/MHz Asms/MHz Aps/MHz
142-144 1221(9) —744 27 771 1965
144-146 1110(9) —723 27 —750 1833
146-148 1326(9) -702 27 —729 2028
148-150 2007(9) —684 24 —708 2691
142-143 558(9) —384 15 -390 933
144-145 420(9) 363 12 -375 783

It is reasonable to consider that the excited level
(23230)3, consists of 4f%6p, 4f*5d> and 4f*5d6s."]
According to the “sharing rule”, for a given mixing
level, the contribution to the isotope shift of each pure
configuration is proportional to its mixing probability.
For the 4f*5d %Ky, — (23230)8/2 transition, the field
shift and specific mass shift are determined by the
three transitions between pure configurations: 4f*5d—
4f*6p, 4f*5d-4135d2, and 4f*5d-4f35d6s. For the stan-
dard pair M4Nd* and 6Nd*, the specific mass shifts
for the three transitions are —120MHz, -990MHz and
~1080MHz, respectively.l'?! Using the electron screen-
ing ratios based on relativistic Hartree-Fock calcula-
tion, the following ratios of field shift (FS) can be

obtained,

FS(4f6s — 415d)

FS(4f16s — afiep) 20
FS(4f*6s — 4£°5d*) _ 0.094
FS(4f46s — 4f45d) U
FS(4f6s — 4f35d6s)
= -1.21. (4)

FS(4f16s — 4f45d)

Solving the above equations, for the standard pair
144Nd* and SNd*, the field shifts for the 4f*5d-
4f*6p, 4f*5d-4f35d? and 4f*5d-4f35d6s transitions
are 339MHz, 2223MHz, and 4488MHz, respectively.
Based on the sharing rule, the mixing probabilities of
three 4f*6p, 4f35d? and 4f35d6s pure configurations
are 67%, 5% and 28%, respectively.

4. Conclusion

In this work, we have presented accurate measure-
ments of isotope shifts between seven stable isotopes in
Nd II and hyperfine structure in **Nd* and #°Nd*t.
We have obtained improved accuracy of the isotope
shift measurement and the results are in agreement
with earlier measurements,['%' as listed in Table 4.
Tentative admixtures for (23230)g , level is deduced
from derived field shift and specific mass shift using
the sharing rule. The result well confirms the earlier

assignment, 2] listed in Table 5.
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Table 4. Comparison of isotope shifts (MHz) in this work with those from
Refs.[10] and [11].
Thi k F) f
A/nm Lower level/cm ™1 Upper level/cm ™1 15 wor rom references
142-144 144-150 142-144 144-150
580.56 6005.271 23229.991 1218 4446 1170[t1] 4260[10]
Table 5. The configuration mixing of the (23230)3/2 level in Nd II.
Lower level Upper level/cm~1! 4f*6p 413542 4£35d6s
6K9/2 23230 0.67 0.05 0.28
0.6-0.7112] 0.2-0[12! 0.2-0.3 [12]
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