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Hyperfine-structure measurements in141Pr II and 143,145Nd II by collinear
laser-ion-beam spectroscopy
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Atomic spectra of singly ionized praseodymium and neodymium have been measured by means of the
collinear laser-ion-beam spectroscopy. Hyperfine structures of 19 atomic transitions in the wavelength range
from 560 to 590 nm were resolved and hyperfine structure constantsA andB were determined for 28 levels.

PACS number~s!: 32.90.1a
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I. INTRODUCTION

Hyperfine structure~hfs! in atomic ions is caused by th
electromagnetic interaction between the nucleus and or
electrons. The hfs study of ions can provide certain inform
tion on nuclear structure and electronic properties of ato
Several techniques have been developed to study hfs by
ing laser and ion beams. Laser excitation with a fast
beam is a powerful method of high-precision spectrosco
Three specific properties of a fast ion beam are useful. F
the high velocity of the ions can be utilized in measureme
of atomic lifetimes@1#. Since the excitation process is sele
tive, cascade problems are avoided and very accurate re
can be obtained. Second, because of the kinematic com
sion, which occurs when ions are accelerated, very h
spectral~sub-Doppler! resolution can be obtained with a co
linear geometry. Lastly, the use of an isotope separator
mits selective studies of the different isotopes. These th
properties make the method of fast ion-beam-laser spec
copy very powerful and accurate. This technique has b
used to study hfs in some rare-earth ions. Some of th
studies have been concerned with extracting nuclear st
ture information: e.g., NdII @2,3#, SmII @4#, EuII @5#. Many
reports on LaII @6#, SmII @7#, EuII @8,9#, and ErII @10# have
dwelt on understanding the atomic structure aspects of h
a detailed manner.

The hyperfine energy splittingDE is expressed by first
order perturbation theory as the sum of the magnetic dip
term DEMD and the electric quadrupole termDEEQ as fol-
lows:

DE5DEMD1DEEQ ~1!

DE5
1

2
KA1

3
4 K~K11!2I ~ I 11!J~J11!

2I ~2I 21!J~2J21!
B, ~2!

where

K5F~F11!2I ~ I 11!2J~J11!. ~3!

The energy shiftDEMD is caused by the interaction betwee
the internal magnetic field produced at the nucleus by orb
electrons and the nuclear magnetic dipole moment. S
larly, DEEQ corresponds to the interaction between t
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electric-field gradient produced at the nucleus by the e
trons and the nuclear electric quadrupole moment.A and B
are the magnetic dipole and the electric quadrupole coup
constants respectively,I , J, andF are the nuclear spin, the
electron and total angular momentum quantum numbers
spectively.

The neutron number of141Pr is a magic number 82 an
the charge distribution of the nucleus is known to be nea
spherical. The nuclear quadrupole momentQ is very small:
Q520.024 b@11#. Therefore, hyperfine interaction in PrII is
expected to be dominated by the magnetic dipole interact
that is,uAu is generally larger thanuBu. The 141PrII lines show
an hfs due to nuclear spin52 of the unique stable isotop
141Pr. In 1989, Ginibre summarized the results of h
measurements of PrII @12#. The results were investigate
by using the methods of Fourier transform spectrosco
and grating photographic spectroscopy. Because
Doppler broadening, Ginibre could not determine t
hfs constants A precisely while the electric quad
rupole constantsB was neglected. In 1990, Iimur
et al. accurately measured the hfs of tw
transitions 4f 3(4I 0)5d5G2

024 f 3(4I 0)6p5H3(601.94 nm)
and 4f 3(4I 0)5d5G3

024 f 3(4I 0)6p5H3 (604.83 nm) of PrII
by using fast ion-beam-laser spectroscopy@13,14#. In this
work, the hfs of 12 atomic transitions in the waveleng
range from 560 to 590 nm were resolved and hfs constanA
andB were determined for 18 levels.

Neodymium has two odd-mass stable isotopes:143Nd and

FIG. 1. The experimental setup HV, PMT, FC, FP and C1,
represent high-voltage power-supply, photomultiplier tube, Fara
cup, Fabry-Perot interferometer, and collimators, respectively.
©2000 The American Physical Society04-1
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145Nd. Both of them have the nuclear spin7
2. Some measure

ments about the hfs of NdI were reported@15,16#, but few
were of NdII . In this paper, we report our hfs measureme
of Nd ions for 10 levels.

II. EXPERIMENTAL ARRANGEMENT

The experimental setup used in this work is shown in F
1. The ions, produced in a low-voltage electron-impact h
low cathode ion source, were extracted by applying 30
and injected into an analyzing magnet~Danfysik 1080-30!.
Thus, an isotopically pure ion beam was selected. The
beam passed through a vacuum flight tube and entere
chamber. Then, the beam was deflected by an electros

FIG. 2. Partial energy-level diagram of PrII .

FIG. 3. Partial energy-level diagram of NdII.
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field and detected by a Faraday cup at the far end of
chamber. The beam current was typically in the order
0.5–1.0 mA when praseodymium chloride or neodymiu
chloride was used as the ion source sample.

A single-mode Coherent 899-29 ring dye laser was e
ployed to provide light. The dye used in this work was Rh
damine 6G. The dye laser was pumped by an Ar-ion lase
a wavelength of 514.5 nm. The laser beam was stee
through a Brewster window into the chamber and th
through a set of apertures used to define the ion beam p
In this way, it was possible to obtain a good antipropagat
overlap between the laser and ion beams in the detec
region. To prevent the depletion of the metastable states
laser light before the ions entered the target chamber, a th
parts post-acceleration electrode was placed in the ta
chamber. Therefore it is possible to modulate the ion vel
ity locally. In order to avoid collisional quenching, collision
induced ion beam excitation and radiation trapping,
chamber pressure was kept below 331025 Pa. To minimize
the scattered laser light, the inner and outer surfaces of
electrode assembly and the inner surface of the target ch
ber were blackened, and the fluorescence photon observ
and detection systems were light shielded. As a result,
scattered laser light counting rate was reduced by an orde
magnitude, and was comparable to the photomultiplier tu
~PMT! dark current counting rate.

FIG. 4. Measured hyperfine spectra in PrII . F quantum numbers
are indicated in order of the lower state~F!–upper state (F8).
4-2
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The linearity of the laser frequency versus the relat
direct-current level from the laser control box is, howev
not sufficient to be used directly for evaluation of the r
corded spectra. To obtain the frequency scale, part of
laser was directed into a Fabry-Perot interferometer. The
spectral range~FSR! of the interferometer was calibrated u
ing an iodine spectrum measured over a 30 GHz range.
procedure yielded an FSR of 146.560.1 MHz. Another part
of the laser light was directed into an iodine cell for a sim
taneous recording of an iodine spectrum for the absolute
quency scale.

The fluorescence photons were collected perpendicul
to the beam axis through an 11 cm focal-length lens. T
were then analyzed using a grating monochromator and
tected by a PMT. Data acquisition was performed using t
multichannel analyzers~MCAs!. Signals allowed the ramp
voltage from the dye laser control unit to be digitized a
recorded in the MCAs.

III. EXPERIMENTAL RESULTS AND ANALYSIS

The energy levels diagram of PrII and NdII relevant to
this investigation are shown below in Figs. 2 and 3, resp
tively. The excitation energies are from Ref.@17#.

A typical hyperfine spectrum for PrII 572.12 nm and
579.30 nm lines are shown below in Fig. 4 and for143N II ,
145Nd II 570.38 nm lines are shown below in Fig. 5. Th

FIG. 5. Measured hyperfine spectra in NdII. F quantum num-
bers are indicated in order of the upper state (F8) –lower state~F!.
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measured hyperfine spectra give information on the magn
dipole coupling constantA and the electric quadruple cou
pling constantB of the upper and the lower levels. Thes
overdetermined equation systems were solved accordin
the least-squares criteria.

For each scan, the iodine absorption spectrum, Fa
Perot~FP! fringes, and the hyperfine spectrum obtained fro
the laser-induced fluorescence signals were recorded si
taneously. The first two data sets were used to check tha
run had been performed correctly. The FP fringes were u
to establish the frequency scale. The positions of the frin
were determined by fitting Gaussian functions of eq
height and equal width to the recorded peaks. To utilize
fact that the fringes are equidistant in the frequency dom
the peak positions as a function of the fringe number w
fitted to a polynomial, usually of degree three. This fr
quency calibration function was used to determine the
quencies corresponding to the peak positions found for
hyperfine peaks. These spectral lines were also fitted
Gaussian line shape. The fitting procedure gave statis
errors composed of both the uncertainty in the peak posi
determination and the uncertainty originating from the f
quency calibration function.

The analysis of the recorded curves with respect to hf
subject to possible systematic errors caused by experime
deficiencies, such as laser frequency calibration, uncert
ties in determining the centers of the peaks in the hfs sp
trum and the ion velocity distribution. The line broadening
partly due to the moderate quality of the ion beam. The
kV acceleration voltage had a ripple of 5 V. Some addition
energy dispersion may arise from plasma ion source in
bilities. This energy fluctuation leads to a spread of the
locity distribution. The statistical error on the relative fr
quency was typically 1 MHz. The final errors ofA and B
were typically 1 and 5 MHz, respectively. Results of PrII are
shown in Table I with the corresponding reference valu
Measured hfs constantsA andB in 143,145Nd II are shown in
Table II.

In the comparison between the present and reference
ues for 18 levels in PrII the magnetic dipole coupling con
stantsA are in good agreement with the Ginibre’s result f
17 levels. For the5H3 level, the value ofA differs from the
Ginibre’s result beyond experiment error. Concerning
electric quadruple coupling constantsB, there are no refer-
ence values for comparison. For NdII it is evident that the
magnetic dipole coupling constantsA were well determined,
and the electric quadruple coupling constantsB, however,
were rough. We also calculated the values ofA145/A143 for
each level to compare with the values
(m1

145I 143)/(m1
143I 145)@50.616(5), according to the value in

Ref. @18##. It suggested that the hyperfine anomaly is re
tively small (143D145'21%).

IV. CONCLUSION

The hyperfine structures of 18 levels in PrII and 10 levels
in Nd II have been measured by means of the collinear la
ion-beam spectroscopy. For PrII , the magnetic dipole cou
pling constantsA are in good agreement with the Ginibre
4-3
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TABLE I. Measured hyperfine constantsA andB in PrII , AG are from Ginibre@12#.

l ~nm! Energy~cm21! A ~MHz! B ~MHz! AG ~MHz!

578.78 7438.23 709.361.2 19.566.0 71466
24 716.04 735.061.1 15.963.5 732622

581.67 8465.04 572.961.2 24.167.0
25 656.69 656.461.0 210.062.1 657646

587.04 8465.04 574.161.3 28.066.0
25 499.52 632.161.3 214.564.1 639655

583.25 8465.04 574.861.0 23.165.0
25 610.20 543.260.7 27.263.1 546646

572.12 8099.72 768.461.2 37.966.8
25 578.49 1031.662.2 12.266.6 891617

575.78 8099.72 773.161.3 31.566.3
25 467.47 736.261.5 16.266.6 732667

561.18 9378.63 612.761.5 9.369.7
27 198.24 583.361.1 24.664.3 600655

568.35 9378.63 613.761.5 8.169.0
26 973.49 601.761.2 21.663.7 612622

579.30 9378.63 615.161.3 10.069.1
26 640.86 619.161.0 5.464.0 588654

588.09 11 005.57 546.361.3 10.369.9
28 009.80 558.261.0 5.464.0 576640

569.08 11 005.57 547.061.5 9.169.8
28 577.79 530.861.1 24.965.4 537616

581.69 12 826.94 487.361.0 217.465.6 489646
30 018.10 525.961.1 4.063.7 495640

mean 8465.04 573.960.7 25.163.5 57665
8099.72 770.860.8 34.764.6 768613
9378.63 613.860.8 9.165.4 612611

11 005.57 546.761.0 9.767.0 558640

TABLE II. Measured hyperfine constantsA andB in 143,145Nd II.

Level ~cm21! J l ~nm!
A ~MHz!
143Nd II

A ~MHz!
145Nd II

B ~MHz!
143Nd II

B ~MHz!
145Nd II

8716.462 3/2 582.75 2393.660.8 2247.061.6 9.267.0 20.864.3
577.21 2394.960.6 2244.760.8 1.166.5 20.563.6
mean 2394.360.5 2245.860.9 5.164.8 20.662.8

25 876.559 5/2 582.75 245.561.0 228.360.4 222.167.6 29.763.2
26 041.212 5/2 577.21 270.360.4 243.460.5 26.365.4 22.364.2

6005.271 9/2 580.65 2200.261.5 2124.161.4 2120.568.1 65.7611.8
570.38 2199.861.4 2124.061.5 2111.965.7 68.0617.3
mean 2200.261.0 2124.161.0 2116.265.0 66.7610.5

23 229.991 9/2 580.65 2197.260.7 2121.161.2 2106.169.4 252.069.1
23 537.387 9/2 570.38 2175.561.1 2109.861.4 257.9610.4 231.465.7
24 134.095 11/2 581.32 2148.061.6 291.956 2.7 46.669.2 23.168.3
24 321.262 9/2 575.06 2163.260.8 2100.960.6 2180.664.2 2103.163.1
24 445.389 11/2 570.99 2134.760.7 284.261.3 2211.364.6 97.060.7

6931.800 11/2 581.32 2151.860.9 294.962.7 58.868.0 29.463.1
575.06 2150.960.6 293.160.7 54.963.6 28.662.5
570.99 2149.760.7 292.561.6 49.867.0 26.362.3
mean 2150.860.4 293.561.1 54.562.6 28.161.5
052504-4
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result for 17 levels, but the accuracy has been improved
one order of magnitude. Concerning the electric quadru
coupling constantsB, there are no reference values for com
parison. Neither theoretical nor experimental values
available for comparison. The hyperfine constantsB is much
smaller than the hyperfine constantsA. These results are con
sistent with the fact that the nuclear quadrupole momentQ of
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141Pr II is very small. For143,145Nd II there are no referenc
values for comparison.
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