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ABSTRACT

We have applied the technique of collinear fast-ion-beam laser

spectroscopy to measure the hyperfine structure (hfs) in Sc II, Tin II and N2+-

Laser induced fluorescence was observed from a 50 keV ion beam which was

superimposed with the output of an actively stabilized ring dye laser (nns

bandwidth <1 MHz). Hyperfine measurements were made in the metastable 3d^ and

the excited 3dAp configuration of Sc II and in the 4f1^6s and 4f135d

configurations of the Tm II. The fine and hyperfine structure of N2"1" has been

observed in the (0,1) and (1,2) band of B2Eu
+-x2Eg

+ system. Higher resolution

measurements of the metastable 3d^ configuration in Sc II were also made by

laser-rf double resonance. The experimental results will be compared with

those obtained by multiconfiguration Hartree-Fock ab-initio calculations.
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I. Introduction

An appropriate experimental method to resolve narrow hyperfine structure

(hfs) is the spectroscopy with collinear arrangement of laser beam and fast

ion beam. This method of high resolution spectroscopy was first proposed by

Kaufman [1] and realized by Wing et al. [2], The technique of collinear-laser

ion beam spectroscopy has been used in many studies to investigate hfs and to

extract nuclear structure information [3]. Recent reports have dealt on

understanding, in a detailed manner, the atomic and molecular structure

aspects of hfs [4,5]. This method is widely applicable since there are many

elements with metastable ionic states from which light can be absorbed.

Higher precision measurements of hfs can be obtained by the laser-rf

double resonance technique introduced by Rosner et al. [6]. The laser-rf

double resonance technique is similar to the atomic beam magnetic resonance

method. The fundamental difference is the replacement of large inhomogeneous

magnetic fields for state selection by selective laser optical pumping [6,7].

In the present paper, we report hfs measurements in atomic Sc II, Tm II

and molecular N2 + by fast ion beam laser spectroscopy (FIBLAS). We also

present a complete study of the hfs in the 3dP- configuration of Sc II using

the laser-rf double resonance spectroscopy (LRDRS).

II. Experimental Apparatus and Technique

The apparatus and technique have been described in detail elsewhere

[8,9], therefore the description given here is relatively brief. A schematic

diagram of the apparatus is shown in Fig. 1. A beam of ions is produced by an

electron impact ionization source, accelerated to 50 keV, mass analyzed and

collimated. The ion beam interacts collinearly with a frequency stabilized

c.w. dye laser. Spectra of hfs are obtained by laser induced fluorescence



(LIF). In all of our spectra, the laser frequency was scanned while the ion

energy was fixed at 50 keV. In the case of Sc II, lower level hfs parameters

obtained by LIF were used as a starting point for high resolution

measurements.

In order to carry out a laser-rf double resonance measurement it is

necessary to achieve a population difference between adjacent hyperfine

levels. An LRDR measurement is done by tuning the laser wavelength to a

particular hfs transition F * F' and depleting selectively the F state. This

is accomplished by introducing a pump region which is operated at the same

posL-acceleration voltage (-100 V) as the probe region. We achieve between

40-802 depletion of the lower level F by optical pumping. The ions then enter

the rf region, where the laser is off resonance, and the rf field is scanned.

The rf region has been described previously [8,9,10,11]. The population of

the hfs level is altered, at resonance, by magnetic dipole hyperfine

transitions of the type F +-• F + 1. An rf resonance (peak) is detected in the

probe region if the laser remains tuned to the F + F* transition.

III. Analysis and Results

III.l Hyperfine Structure of Tm II

The experimentally measured hyperfine splittings have been analyzed using

the standard expressions for the hyperfine interaction energy:

E a A K + B 3K (K+l) - 41 (1+1) J (J+l)
hfs 2 81 (21-1) (2J-1)

where K = F(F+1) - I(I+1)-J(J+1), A is the magnetic dipole and B the electric

quadrupole coupling constants.



We have measured hfs splittings in some low lying levels in Tin II. The

electronic levels of 169Tai II exhibit a particularly simple hyperfine

structure. Since the nuclear spin equals 1/2, the levels are split into only

two hyperfine levels whose separation is determined exclusively by the

magnetic dipole interaction. A typical LIF spectrum is shown in Fig. 2. In

this particular transition, Af13 (2F7/2)
 5d3/2 (17625 cm"1) - 4f 1 2 5d2 (34914

cnT^-), all hfs components are clearly resolved. The linewidth (FWHM) is about

50 MHz and results from transit time broadening, lifetime broadening, and ion

source energy spread. The magnetic coupling constant A determined by FIBLAS

has an accuracy ranging between 1 and 2 MHz. These values are listed

in Table 1, along with the multiconfiguration Dirac-Fock (MCDF) ab initio

calculations for the lower states. As can be seen from Table 1, hfs of

configurations explicitly containing open s-shells are in substantial

disagreement with MCDF calculations.

III.2 Fine and Hyperfine Measurements in N£+.

Even though the spectrum of N£+ has been studied for nearly a century,

the fine and hyperfine structure of the B 2 E U
+ " ^ ^ g + system have been

recently reinvestigated [12]. In the diatomic molecule N2 +, a level of given

N (total orbital angular momentum; electrons and nuclei) is split into a

doublet (Ji = N + 1/2, J2 = N - 1/2) by the magnetic interaction between

electronic spin and molecular rotation H s r = 7 N . S . The total nuclear spin

I of N2 + is 0, 1, or 2 since the ^ N nucleus has spin 1. The magnetic

hyperfine interaction (between the total electronic spin S and the total

nuclear spin I) further splits each component of the doublet into six (I =

0,2) or three (I = 1) hyperfine levels. The states of odd N and even N* have

1 = 1 while the states of even N and odd N' have I = 0,2 (N refers to the X

state while N' refers to the B state). The fine and hyperfine structure has

been observed in 21 rotational lines of the (0,1) band of the B 2 E U
+ - X 2Eg +



system. The fine and hfs of 9 rotational lines of the (1,2) band have been

resolved for the first time using FIBLAS. The fine and hyperfine splittings

of the P(20) line in the (0,1) band is shown in Fig. 3 along with the energy

level diagram for N even. The linewidth (FWHM) is about 110 MHz. The

satellite lines to the left of the P(20) line chown above are the result of

the difference in doppler shift between the beam line and the observation

region.

The hfs measurements show significant perturbation of the B states by

high lying vibrational levels of the A-states. Analysis of these measurements

are in progress in order to better understand the perturbation, deperturb the

system [13], and deduce accurate spin-rotation constants and hyperfine

coupling constants of the B and X states. From the LIF measurements we have

determined a rotational temperature of 1400 K and a vibrational temperature of

23000 K.

III.3 Laser-rf Double Resonance Measurements of the Hyperfine Structure

in Sc II.

We have used LIF spectra to determine the magnitude and sign of the hfs

parameters in both the upper (3d4p) and lower (3d2) states. We have used

previous results [14], along with new LIF spectra, to connect 3d^ ^F£ 3 4

levels. Lower level hfs parameters are then used as a starting point for high

resolution rf measurements. The rf resonances obtained, as described in

section II, were fitted to a Rabi two-level model [15] in order to extract the

line center from the data. For each rf transition, we derived the resonance

frequency for data taken with the rf field co-propagating and counter

propagating with the ion beam. An average of these values was taken after

correction for first order doppler shift. A typical LRDR spectrum is shown in

Fig. 4b, while Fig. 4a shows a hfs transition of the type F +* F + 1. Using

formula (1), the magnetic dipole A and the electric quadrupole B were



determined from the hfs splittings. These hfs constants are listed in Table

II. A comparison of thdse results with our previous measurements using FIBLAS

only, shows a 150-fold increase in precision. The hfs of the upper states

were determined by using the optical spectra in conjunction with the hfs

constants of the lower states (determined with rf precision).

We have compared our measurements to new MCDF calculations. These values

are listed in Table III. From the differences between the observed and

calculated values listed, we can see that the agreement is poor for the dipole

hfs constant. However, the agreement for the singlet levels is better than

for the triplet levels because there is no contact contribution for the A

values for singlet states with J = L. We have interpreted the lack of

agreement between calculations and observations as being due to core

polarization since the inclusion of configuration interaction in the

calculation affected the A values by only 5Z. We found however very good

agreement between the experimental and the calculated values for the B -

factors except for the ^D£ state as shown in Table III.

IV. Conclusions

The hfs measurements accomplished in low lying levels in Tm II showed

that configurations containing open s-shells explicitly are in substantial

disagreement with MCDF calculations.

The hfs structure measurements done in the (0,1) and (1,2) band of the

B^EU
+ - X^Zg+ system of N£+, presented significant perturbation of the B-state

by high lying vibrational levels of the A state.

We have improved previous hfs measurements in Sc II by a factor of 150

using the LRDR method and have showed that discrepancies between experiment

and MCDF calculations can be attributed to core polarization.
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Figure Captions

Fig. 1 Schematic diagram of the experimental apparatus used in the FIBLAS and

LRDR experiments. It shows the pump region where optical pumping

occurs, the rf region where repopulation takes place, and the probe

region where fluorescence is detected.

Fig. 2 Laser induced fluorescence spectrum of the f13 (2F)d J = 2 to the

f12d2 J = 3 transition in Tm II.

Fig. 3 Fluorescence spectrum showing the fine and hyperfine structure of the

P(20) line of the (0,1) band of the B 2 E U
+ - X 2E g

+ system of N 2
+.

The satellite lines to the left of the P(20) lines are the result of

the difference in doppler shift between the beam line and the

observation region.

Fig. 4 The energy level diagram of the hyperfine level of the 3F3 and 3D§

states is shown in (3a). A laser-rf double resonance spectrum for the

transition Fi = 3/2 + F2 = 5/2 in the
 3F3 state is shown in Fig. 3b.

The solid line is a fit to a Rabi two level model. The linewidth

obtained from the fit is 732 kHz which is consistent with the ion

transit time in the rf region of 1.08 fls at 50 keV energy.
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Table 1.

Comparison of magnetic dipole hyperfine interaction constants for 1 6 9Tm II

determined by collinear-laser ion beam spectroscopy with those obtained from

ab initio MCDF calculations.

Level

(cm"1)

Configuration SLJ Hyperfine Structure (MHz)

Aobs AMCDF

8769.68

8957.47

17624.65

21713.74

25980.02

26578.77

34913.84

39162.07

4f 1 3( 2F 5 / 2)6s 1 / 2

If

4f13(2F7/2)5d3/2

It

4f136p

4f12(3F)6s2

4f125d2

4f125d6s

(5/2,l/2)°2

(5/2,l/2)°3

(7/2,3/2)°2

(7/2,3/2)°3

3

3

3

4

914.9(1.0)

-1537.7(0.8)

-341.8(1.3)

-313.5(1.9)

-89.8(0.7)

-136.6(1.0)

-493.2(1.6)

-614.9(0.9)

-67

-1326

-434

-351
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Table II. List of hyperfine constants A and B of Sc II derived from LRDR
measurements (a), from FIBLAS measurements^ only (b) and from
combination of LRDR measurements for the lowest state with optical
spectra using FIBLAS (as described in text) (c).

Level
(cm"1)

4802.75

4883.42

4957.64

10944.56

12101.50

12154.42

14261.32

26081.34

27443.71

27602.45

27841.17

27917.69

28021.21

28161.03

29742.16

29823.03

32349.98

config.

3d2

3d2

3d2

3d2

3d2

3d2

3d2

3d4p

3d4p

3d4p

3d4p

3d4p

3d4p

3d4p

3d4p

3d4p

3d4p

SLJ

\
3?3

\

\
G4
D2

F2
%°

Vz

A
(MHz)

290.669 (12)a

113.668 (3)2

38.356 (1)2

149.359 (2)a

-107.501 (2)2

-27.723 (3)a

135.231 (l)a

215.7 (8)b

366.8 (l)b

205.4 (6)b

102.3 (l)c

304.7 (2)c

125.3 (l)c

99.5 (l)c

255.0 (2)b

106.3 (9)b

191.1 (3)c

B
(MHz)

-10.540 (83)a

-12.541 (41)a

-16.493 (65)2

7.79 (2)a

-12.297 (6)a

22.025 (2)a

-63.442 (25)a

18 (7)b

-40 (14)b

-70 (18)b

-84 (2)c

4.5 (8)c

10 (l)c

21 (2)c

10 (8)b

-24 (18)b

-82 (4)c
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Table I n , Comparison of the A & B hfs constants of Sc II with MCDF calculations.
All values are in MHz.

Configuration SLJ A (obs) A (MCDF)

3d2 3FO 290.669 221.2:2
I
3

3F 3 113.668 144.6

F4 38.356 108.3

]

3T

X D 2 149.359 146.6

-107.501 -1.8

27.723 85.9

135.231 143.2

3P 2 - 27.723 85.9

A A
(obs)-(MCDF)

69.5

- 30.9

- 69.9

2 . 8

-105.7

-113.6

- 7.9

B (obs)

-10.5

-12.561

-16.5

7.79

-12.297

22.025

-63.442

B (MCDF)

- 1 1 . 8

-12.9

-17.3

14.3

- 1 1 . 6

23.2

-65.4

A B
(obs)-(MCDF)

1.3

.4

.8

-6.5

- .7

- 1 . 2

2
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