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ABSTRACT

Resonance ionization spectroscopy in collinear geometry
has been successfully applied to a fast beam of ytterbium
atoms. The atoms were excited stepwise into a Rydberg
state by pulsed last light, ionized in an electrical field and
deflected onto a secondary electron detector. The efficiency
was 1.10°5 detected ions per incoming atom on a
background from collisional ionization of 1.10-8. The
technique has been exploited for the measurement of
hyperfine structures and isotope shifts of unstable
ytterbium isotopes, in particular 187Yb, 139Yb and 175Yb.
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1 Introduction

Laser spectroscopy has been used extensively for the investigation of nuclear ‘mo-

ments and radii of unstable isotopes. Special attention has been paid to a systematic-

study of the rare earth region, where on-line mass separators deliver beams of up to
20 neutron deficient isotopes of many elements {Ravn et al. 1988). Two different
techniques have provided most of the present results in this region: co]linéa,r laser
spectroscopy on fast beams (Neugart 1987) and resonance ionization spectroscopy
(RIS) on thermal atomic beams (Balykin et al. 1980, Alkhazov et al. 1988). Com-
paring these two methods, one finds that the main advantage of the RIS scheme
consists in (%) an efficient detection of the fons produced by laser excitation and (%1)
a high selectivity and background supression due to several consecutive excitation
steps. A drawback of the method is the incomplete spatial, spectral and temporal
overlap between the atomic absorption profile and the spectrum of the pulsed laser
(Ruster et al. 1989). Collinear laser fluorescence spectroscopy offers the advan-
tages of continuous excitation and a complete spectral overlap due to the reduction
of the Doppler width by the electrostatic acceleration (Kaufmann 1976). On the
other hand, this technique has to cope with a higher background from stray-light,
radioactivity and photons from the decay of long-lived states populated in the neu-
tralization cell. Both the signal and the background are higher than for the RIS
scheme, but the practical sensitivity limit of 105 — 107 atoms/sec is approximately
the same.

A combination of both techniques for experiments on rare earth isotopes with
very low production yields was proposed by Letokhov and Mishin (1984). This
scheme preserves the excitation efficiency at high resolution achieved in collinear
geometry and takes advantage of the efficient detection and background suppression
of resonance ionization. It promises a considerable improvement in sensitivity, alt-
hough the use of a pulsed laser with a continuous beam involves duty cycle losses.
The high selectivity of RIS in a fast beam (Kudryavisev and Letokhov 1982) has
also been exploited for the trace analysis of *He (Aseyev et al. 1991). The present
paper reports on an application of this scheme to the study of radioactive ytterbium

isotopes produced at very low rates. Ytterbium offers a simple spectrum and the io-



nization limit can be reached with only two excitation steps from metastable states.
Direct comparisons are possible with other techniques using collinear excitation and
fluorescence detection (Buchinger et al. 1982, Neugart et al. 1983) and fluorescence
spectroscopy in a cooled buffer gas cell (Sprouse et al. 1989).

2 Resonance ionization spectroscopy on ytterbium

The principle of RIS is as follows: The atoms are excited into an autoionizing state
or into a Rydberg state from which they can be ionized by an electrical field with a
modest field strength. The ions are then counted by a secondary electron multiplier.
Maximum ionization efficiency is reached if (i) all transitions are saturated and (73)
optical pumping into states outside the RIS ladder is minimized. Both conditions
require the high power of pulsed dye lasers with a pulse duration shorter than (or
at least comparable to) the lifetimes of the states involved. The bandwidth of
these lasers, 5GHz < év < 30GHz, is larger than the typical hyperfine structures
and thus enables the simultaneous excitation of all sublevels. On the other hand,
narrow band excitation in one of the excitation steps is required for the resolution
of hyperfine splittings which yield the information about nuclear moments. This is
achieved using pulsed amplification of cw dye laser radiation with a Fourier-limited
bandwidth of Av &~ 50M Hz (Lavi et al. 1986).

Fig. 1 shows part of the energy levels in the Yb I spectrum. As the initial state
of the RIS ladder we chose the metastable 6s6p 3P, which is populated in the charge
- exchange neutralization process applied to the 60 keV ions. From this state, the
atoms are excited via 6s7s35; (A = 648.9nm) into one of the 6521p3 Py ;12,1 Py
(A2 = 575.6nm) Rydberg states from which the ionization takes place. The field
strength necessary for ionization of these Rydberg atoms can be calculated roughly

by the classical formula (Ducas et al. 1975)
1

n¢4

i<

|F| =~ 3 x 10 : (1)

where n* = n—4 = 17 (Bekov et al. 1980) is the effective quantum number. This
yields |F| = 4-1055-.

In this excitation scheme, the optical pumping losses are mainly due to the
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decay of the intermediate 637535, state into the states 6s6p® P,,® P; (7; ~ 20nsec).
The Rydberg states have a lifetime of 73 ~ 5psec which is somewhat larger than
the time of flight through the interaction region. With the laser pulse satisfying
the condition 7 < 1/(2T,), [, beeing the partial decay width of the excited state,
the flux of photons per laser pulse necessary for saturation, @ ga7, can be estimated

from the relation

opQsar > 1/2.

The saturation cross section o, is given by:

—_ A_z FP 1 fm e;[:p(—(u'—uo)z/Ay?D) dv' (2)

7= 9n X T, Vahvp J-w 1+ (4x(w — )T}
where ) is the transition wavelength and I', /T, the ratio between the partial and the
total decay width (Otten 1988). The integral containing the Doppler width Avp
describes the normalized lineshape of the transition. If the laser bandwidth Awy

exceeds the homogenous absorption width Avy, @sar is additionally increased by

a factor Avy/Avy (Ruster et al. 1989),

AVL 1

> 2 -
@sar = Avn 208 (3)

The dependency of the saturation power on the ratio (Avp/Avg) makes it most
favourable to take the weak transition into the Rydberg state (Avy < 30kHz) as
the high resolution step. The amplified cw laser gives a maximum spectral density
over the small homogenous linewidth. Under these conditions, saturation in the first
step should be reached at an average laser power of P, &~ 20mW (repetition rate:
10 kHz, pulse energy: 2pJ/pulse at Avpg.er = 30GHz). The saturation power for
the second transition is 50 times higher because of the small spectral overlap.

For a short laser pulse, the maximum excitation efficiency €. from the me-
tastable state to the Rydberg state is given by the statistical weights of the states

involved,
2J_f +1
o 4
feec = 1131 2J; 41 (4)

which yields values between 20% and 62% for different angular momenta J; of the

final state, 0 < J; < 2 (see below). With the exciting pulse duration amounting to

some 18ns, the quantity €., decreases by a factor of 2 as a result of the decay of
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the intermediate state 6575%5;. For incomplete saturation it decreases by another
factor Pr/Psar, the ratio of the laser power to the saturation power.

The upper excitation step can lead to one of the four fine structure (FS) com-
ponents of the 6321p Rydberg state. Of these, the 3P, state has the highest sta-
tistical weight. As can be seen from Fig.1, the FS splitting between the 6521p3 Py
and the 6s21p! P, states is only 6.25 GHz (see section 4). The hyperfine structure
(HFS) in both these states is dominated by the interaction of the 6s electron with the
nucleus (ae, = 3.5GHz for 'Yb (Miinch et al. 1987)), so that the HFS splittings
of both states partially overlap. In this situation the FS and the HFS have to be
treated by a common diagonalization of the interaction matrix, which complicates
the analysis of the data considerably. The choice of a transition to the ®P; state has
the advantage that the nearest neighbour 3P, is 104 GHz away. Here the analysis
of the data still requires second order perturbation theory for the treatment of the
HFS. The measurements have partly been performed in the transitions to both FS

states, 3P, and 3P, in order to check the consistency of the analyses.

3 Experimental setup

The experiment has been carried out at the ISOLDE isotope separator facility at
CERN. The unstable ytterbium isotopes are produced in the spallation reactions
181Tq(p, 4p + #n)!"®~2Yb. They are ionized, accelerated to 60keV and separated
in a magnet. The fast ion beam is then superimposed on the merged laser beams.
The experimental setup is shown in Fig. 2. The ion beam passes through the
neutralization cell, where the metastable 6s6p 3P, state is populated, along with
other states, in quasi-resonant charge exchange collisions with caesium atoms. At
the exit of the charge exchange cell, the remaining ions and the atoms in highly
excited Rydberg states (n > 20), are filtered from the beam by the electrical field
(5 - 10°V/m) of a capacitor (Filter 1}. The beam then enters the excitation region
(! = 100cm), where the metastable atoms in the 656p3 Py state undergo the two-
step excitation to one of the 6s21p Rydberg states. The Rydberg atoms are ionized
in the electrical field of the ionizer (E; = 4-10° V/m) and deflected to the detector.

Tuning of the effective laser frequency seen by the neutral atoms is accomplished by



applying a variable potential to the charge exchange cell (Doppler-tuning). Then the
voltage at the last deflector has to be varied synchronously with the Doppler-tuning
voltage.

A laser with a large bandwidth of Avp; = 30GHz is used to excite the atoms in
the first step (A, = 648.9nm). The average output power of this laser (150 mW) is
enough to saturate the first transition. The second-step radiation (A; = 575.6nm)
is obtained by amplifying the output of a single-frequency cw ring laser (Coherent
CR 699/21) in a cell containing the dye Rhodamin 6G. The average amplified output
power is 0.5 W and the bandwidth Avp,; ~ 50 M Hz, corresponding to the Fourier
transform of the pulse shape. The broad band laser and the amplification cell are
pumped with a 10 W copper vapour laser (CVL) in a master oscillator - amplifier
arrangement. The yellow CVL line (578.2nm) is used to pump the broad-band laser,
and the green line (510.6nm) to pump the amplifier. At a pulse repetition rate of
10 kH z the laser pulse duration is 18 ns. By means of a system of mirrors and lenses
the laser beams are transported with an efficiency of 50 % to the apparatus located
at a distance of 30 m. The gated ion counting system is triggered by the signal of a
fast photodiode.

With this experimental setup one has two possible sources of background: (3)
Rydberg atoms are produced in the charge exchange process and ionized together
with the Rydberg atoms produced by laser excitation. (%) Ions are directly produced
in collisions with rest gas atoms. The Rydberg atoms formed in the charge-exchange
cell are removed by filter 1, while the ions produced in the excitation region are ex-
tracted from the beam by filter 2. Thus only the Rydberg atoms formed in the
excitation region and the ions produced in the region of the ionizer reach the de-
tector and contribute to the background. The ionizer itself is constructed as an
acceleration lens with eleven diaphragms at distances of 4mm. The potential on
these diaphragms increases gradually along the beam direction to a peak value of
7kV and then decreases sharply to zero. Here the maximum field strength on the
axis is about 4 - 10° V/m which is sufficient to ionize Rydberg atoms of n > 20.
This arrangement has two important advantages: (i) the ionization of laser exci-

ted Rydberg atoms is restricted to a volume of 1.5¢m?, and (%) the ions created
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in this volume are accelerated after the ionization. The resulting energy difference
of 3keV between these ions and the original beam can be exploited for a further
discrimination against background.

This is demonstrated in Fig. 3 by an energy spectrum of the detected ions,
obtained by varying the voltage of the deflector in front of the detector. The upper
curve shows two distinct peaks corresponding to ions produced in collisions (left) and
to ionized Rydberg atoms (right). This curve is obtained with the Rydberg atoms
produced in the charge exchange process reaching the ionization region (Filter 1
at low potential). For the detection of laser exciled Rydberg atoms, the deflector
voltage is kept at the potential corresponding to the second peak. With an electrical
field of 5 10° V/m at Filter 1, one obtains the lower curve of Fig. 3. The Rydberg
peak is removed and only a small amount of background ions from collisions in the
ionization region are deflected onto the detector. The background count rate is
determined by the ultra high vacuum of 2-107° mbar in the ionization region, which
proves that the collisional formation of Rydberg atoms in the excitation region is

small.

This background from collisional ionization corresponds roughly to the estimate:
Niack = Ocott * Ny - Ip - Ly -, = 50/sec, (5)

with a cross section for collisional ionization ooy =~ 107* cm? (Massey and Gilbody
1974), a density of target molecules Ny = 6- 107 /em?, a current of projectile atoms
Ip = 3-10'%/s (corresponding to a beam of 5nA) and a length of the ionization

region L; = lem. The duty cycle 5 of the laser atom interaction is given by
nL = Tig " Vrgp - 3 * 10-68 * ].0l4 3_1 = 3 . 10_2, (6)

where 7;, is the time of flight of the atoms through the interaction region and v,

the repetition rate of the copper vapour laser.

4 Results and evaluation of data

The apparatus was tested with measurements on the stable isotopes 83170-174176yp,

The ion count rate was recorded versus the Doppler tuning voltage at fixed frequen-

cies of the dye lasers. An overall detection efficiency €., = 1.5+ 107° (22 ions/s
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from a beam of 1.5 - 10° atoms/s at a signal-to-noise ratio of S/N = 20 and an
integration time of 0.8s per channel) was measured on the weakest of the stable
isotopes, 1®®Y'b which has the nuclear spin I = 0. The theoretical efficiency is given
by

€theo — TIL * €pop * Ceze * €ion ' Etrans (7)

where 7 is the duty cycle of the laser, €., the population of the 6s6p3 P, state,
€0n the ionization efficiency of the Rydberg atoms and €;pqn, the beam transport
efficiency. The overall excitation efficiency €. can be estimated from saturation
measurements in the two transitions and the considerations of section 2. The first
excitation step is saturated with a laser power of 50 mW (estimated value: 20mW),
whereas a saturation in the second step can not be achieved with the available power
of 250 mW. With the approximate ratio of the saturation powers in the first and

the second tramsition, PZ,7/Ps.r = 50 one obtains

€one = ;’; x €& x 0.1 & 2.5%, (8)

where €, ~ 1/2 allows for the decay of the intermediate state 6s7s 36, during the
laser pulse. Reasonable values for the other efficiencies (g = 3%, €pop = 5%, €ion =
80%, €rrans = 70%) then give €pe, = 2-107° which is close to the experimental
value. For isotopes with I # 0, the efficiency is reduced by about one order of
magnitude, due to the splitting into a number of HFS sublevels.

The beams of radioactive ytterbium isotopes contain isobars of other rare earth
elements with typical currents of more than 10'°atoms/s. These give rise to a
background of about 30ions/s on the detector (see Fig. 5), independent of the
ytterbium fraction. Experiments on radioactive beams therefore require production
rates of the order 10° atoms/s. This is nearly three orders of magnitude more than
the minimum rate quoted by Sprouse et al. {1989) for fluorescence spectroscopy on
the recoil products from heavy ion reactions in a cooled buffer gas cell. That tech-
nique, applied to the even isotopes, was limited mainly by the typical background
of 1000/s (Sprouse et al. 1989), whereas in our case, apart from the duty cycle, the
loss in the neutralization process and the inefficiency of the ionization reduce the

sensitivity. The low efficiency of eq. (7) may be improved considerably by using a
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pulsed ion source and an excitation scheme that starts from a more efficiently po-
pulated state. The gains will then proportionally reduce the minimum production
rate required for spectroscopy.

Measurements were performed on the even isotopes in the sequence %619y}
and the odd isotopes 18715917y}, The even isotopes provide the connection between
the isotope shifts in the transition 6s7s35; — 6s21p3P, and the results of eatlier
measurements performed in the intercombination line 6525, — 6s6p3P;.

The spectra that were recorded with a short time delay between the two laser
pulses show a structure of several distinct peaks (Fig. 4). These can be explained

by the mode structure of the first step dye laser. The resonance condition
ﬁ(wi + ‘*’2) = Famipip — EﬁsﬂpaPa (9)

is fulfilled for each mode {w?) of laser 1 with a correspondingly detuned frequency w,
of laser 2. The resulting transition probability to the upper state is a superposition
of (i) two successive step by step transitions from the ground state to the Rydberg
state (both lasers in resonance) and (%) one two-photon transition (both lasers in or
off resonance). If the first laser is detuned slightly from the resonance (i.e. if none of
the modes is exactly in resonance with the first transition), the structure becomes
asymmetric and the maximum ion count rate no longer appears at the center of the
resonance.

To obtain a formula for the transition probability as a function of both laser fre-
quencies, one has to solve the semi-classical system of differential equations for a

three level system with two lasers (Letokhov et al. 1977):

dop, = iVieMtag,
dssl = ﬂ/le“”l*aapo + i%e"n’taapz — “Yasg, (10)
dapz = z'Vze_’n’ta,aS]

Here the asp,, asg, and asp, denote the population of the levels, {2; the detunings of
the lasers from the resonance, V] the amplitudes of the lasers and v the decay from

the intermediate state. The solution is obtained via a Laplace transformation:

2

N,
kil ViV; ] iy 2t r o3 iy _ad j RYRH
I‘J""'P:l2 = Z:l (31 _ 8‘%)(3% 1_ Zg)(s_; — sjl) ' [(3?3 - 3';)3 4 |\3?L - 3%)3 7t (s5 — '9';)6 ’L]
J:

(11)



where the s are the solutions of the characteristic equation

Sy + i(Q — Q)] P+ [0 + V2 + Vi + iv(Q — )] s+ Q2 +i(V7 2 - V0) =0
(12)
and the summation refers to the contributions of different laser modes. In those
formulas, the parameters v, V;, V2, £; (the detuning of the nearest mo&e) and the
mode distance have to be fitted to the experimental data. The fitting procedure
yields the positions of the resonances within an uncertainty of 30 M Hz (typical
uncertainties for narrow band fluorescence speciroscopy with low laser power are a
few MHz). A fit of the lineshape from eq. (11) to the expertmental resonance curve
is given in Fig. 4 (solid line).

The large uncertainty in the evaluation of the line positions is likely to be due to
the approximations in the model: (%) the time structure of both lasers is taken to be
rectangular, which differs considerably from the experimental conditions (Belyaev
et al. 1985) and (%) the delay between the two lasers pulses is assumed to be zero.
The time structure influences the spectral profile of the resonances, whereas the
time delay determines the relative contributions of the two photon process and the
step-by-step process to the total excitation probability. The step-by-step process
is dominant if the delay between the two pulses is long enough. This is shown
experimentally by a clear reduction of the mode structure when a time delay of
At = 8ns is introduced (Fig. 4). For the spectra recorded with such a delay, the
center of the largest peak is a satisfactory approximation for the resonance position.
These spectra yield the isotope shift with typical errors of 5 M Hz and are therefore
taken for the evaluation of the final results (Table 1).

The electronic factor F57® for the isotope shift of the transition into the Rydberg
state is obtained from a King plot (King 1984) connecting our measurements with
those in the intercombination line 6525, — 6s6p®P;, A = 555.6 nm (Buchinger
el al. 1982, Clark et al. 1979). The King plot yields F57¢/F®%® = 0.119(2) with
a perfect consistency of the measurements in both lines. Electronic factors Fee8
evaluated for the intercombination line range from —10.9 GHz/ fm? (Clazk et al.
1979, King 1984) to —12.1 GHz/fm? (Aufmuth et al. 1987). Here, we follow the
tables of Heilig (1984) which contain the first complete list of § <r?> values based
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on the measurements of Buchinger et al. (1982). In Table 1 the isotopes 157159175y
are incorporated into that list. Combined with other results (Clark et al. 1979,
Sprouse et al. 1989) the values of § <r?> now cover the even isotopes ***7*7°Y’b and
the odd isotopes 57"178Y'h, We note, however, that a new evaluation of F'5%¢ can be
based on the precision measurement of the hyperfine structure in the ytterbium ion
(Blatt et al. 1983, Miinch et al. 1987), yielding values of § <r®> that are generally
about 9% higher (Klempt et al. 1991).

The example of a measurement on the odd isotope *"Y b is shown in Fig. 5. This
spectrum was recorded with an integration time of 0.8 s per channel. The production
rate was about 5107 atoms/s with an isobaric contamination of 10'° atoms/s. For
this isotope and for 1°°Y'h, the yield was high enough for a measurement in both the
transitions to the 3P, and 3P, Rydberg states, whereas for 1™®Y'b only the transition
to 3P, was observed.

These HFS spectra of the odd isotopes yield additional information about nu-
clear spins and moments. The particular transition 657535, — 6s21p3 P, involves
states in which the HFS is determined only by the A-factors describing the magne-
tic interaction between s-electrons and the nucleus. The B-factors of the electric
quadrupole interaction are expected to be zero unless there are admixtures of states
with valence electrons of [ # 0.

For a precise evaluation of the hyperfine constants A in the state 6s21p3 P,
the combined HFS pattern of the close-lying Rydberg states 1P, and ?P, has to
be calculated. This requires a simultaneous diagonalization of the FS and HFS
Hamiltonians for which explicit expressions can be found in Sobel’'man (1972). In
first order perturbation theory for degenerate states one obtains for the interaction

matrx;

det (<k'|Hps + Hgps|k> — 6 W) = 0, (13)

where W1 is the first order energy shift and the indices k&' refer to the four (dege-
nerate) fine structure states. The calculation of W) requires explicit knowledge of
the wave functions of the states involved. Here, one can follow a procedure descri-
bed by Rinneberg (1987), where the wave functions |k> are taken as eigenfunctions

of the fine structure Hamiltonian, <k|Hpg|k'> = &5 Wrs(k). The calculation of
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the remaining matrix elements < §Hgrsfe’ > can be performed in a basis of either
LS-coupled (Rinneberg 1987) or jj-coupled (Lurio et al. 1962) wave functions. For
the case of jj-coupling, the mixing coefficients ¢, and ¢, describe the contributions of
the basic wavefunctions to the intermediately coupled states. The matrix elements

of the two closest lying states, 3P, and ' P,, are found to be (Lurio et al. 1962)

C as,
M* = 3P P|Hyps|PPa> = 55%7 (14)
C,é c
Mu - <1P1|HHF5|1P1>: ‘é‘(?l - %)aeu (15)
[4—(F—I3[(F+1+1)2—4]
M13 = <1P1lHHF3|3P2> = \/ ) Cy Qg,, (16)

where C = F(F +1) = I{I+ 1) — J(J + 1) and ae, is the A-factor of the 6s-
clectron which determines the HFS splitting in the Rydberg state. With these

matrix elements, the first order energies of the levels write

w® = %(Ma"' 4+ MM+ AE 4 \/4M31 M3 4 (M3 — M — AE)?), (17)
where AE is the energy difference between the two states. The influence of the
other two FS states, 3P; and P, can be neglected, because their distance in energy
from the 2P, is 105 GHz and 294 GH z, respectively (see Fig. 1).

For the 3P, state, the much weaker influence of the neighbouring FS levels
can be calculated by second-order perturbation theory for the hyperfine structure
(Lurio et al. 1962). The calculation of the perturbed energies W) again requires
the off-diagonal elements <*P;|H|*' P;>.

The complete HFS is now described by a modified hyperfine structure formula,
including the parameters Asg, , ag, and the isotope shift IS:

Sy = W(l'z)(CI,CQ,AE,Ga,) —

.14.351 + IS (18)
with

C = F(F+1) - I(I+1) - J(J+1) (19)
where W(12) describes the energy eigenvalues of the combined FS and HFS interac-
tion matrix. As explained above, these energies were calculated differently for 3P,

and 3P,. The A-factor of the *P, Rydberg state is related to the single electron
A-factor ag, by Agsaip = Ges/4
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The analysis of the hyperfine structure in the ®P, state has been tested on
the stable odd isotopes 71173Y'b, where stmiliar work was performed by Majewski
(1985) and Rinneberg (1987). Table 2 gives a comparison between the different
results. The agreement is quite satisfactory. Independent results for the mixing
coefficient, ¢; = 0.58(3), and the FS splitting AE = 6300(160) M Hz were also
obtained from the analysis of the spectra of 157Y'b and !"*Y'b . A direct measurement
of the FS splitting in the even isotope '®8Y'b yields the much more precise value
AE = 6250(25) M Hz.

The results for the A-factors of the 6s7s35; state and ag, from the analysis of
the HFS in the Rydberg states are given in Table 1. The magnetic moments were
calculated from the more accurate Ag,7, factors using as reference 1™'Yh for which
the magnetic moment g = 0.49367(1)py is known from a precise optical pumping
experiment (Olschewski 1972). The diamagnetic correction has been taken from
Feiock and Johnson (1969). In analogy to the work on '**~'®%Y’b performed in the
intercombination line (Neugart et al. 1983) an additional error of £0.007uy has
been assumed to acount for the HFS anomaly. The B-factors omitted in eq. (18)
were found to be zero within the experimental errors. This was expected because
only s-electrons determine the hyperfine structures. The p-electron contribution in
the Rydberg state is negligible, because of the 1/n® dependency of the hyperfine
interaction (Gallagher 1988).

The spin I = 7/2 and the magnetic moment g = —0.639(8) ux suggest the
assignment of an fr/; shell model wave function to the ground state of *7Y's. A
successive filling of the fr/; neutron shell is also observed for the neutron numbers
N = 83, 85, 87 in a number of rare earth elements (Nd, Sm, Gd, Dy, and Er)
around the proton subshell closure at Z = 64 (Neugart et al. 1983). It seems that
this trend continues for Y6, whereas for the lighter elements Ba (Mueller et al. 1983)
and Xe (Borchers et al. 1989) the f7/; state is only found for N = 83, next to the
neutron shell closure. In the sequence of N = 83 to N = 87 the absolute values
of the magnetic moments decrease from about 1gn to 0.6 uy and the new value
for 57Yb fits well into this systematics. For !*°Y'b, the analysis confirms the spin

assignment I = 5/2 and the magnetic moment obtained from earlier measurements
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in the intercombination line 65215, — 6s6p3P; (Neugart et al. 1983).

The measurement on *7°Y'b gives the first precise value for the magnetic moment
of this isotope with spin I = 7/2, p = 0.766(8)un. Earlier nuclear orientation work
gave several inconsistent and much smaller magnetic moments (Benoit et al. 1974,

Krane et al. 1972). The new value agrees rather well with the magnetic moment of

the isotone Y"H f and can be described by a rather pure Nilsson orbital [514 7/2].

5 Conclusion

The combination of collinear laser spectroscopy with resonance ionization detection
has been shown to be a competitive technique for the investigation of unstable
isotopes. It offers major advantages for beams with high isobaric contamination
which require efficient background suppression.

The ionization efficiency is reduced mainly by the duty cycle of the copper
vapour laser and the population of the metastable state. It could be increased by the
use of a pulsed ion source (conventional or laser ion source) and with an excitation
scheme that starts from a state which is more efficiently populated in the charge
exchange process. Altogether a gain in sensitivity of 10 - 100 seems feasible, so that
spectroscopy of 10* atoms/sec with a background contamination of 10° atoms/sec
for an isotope with /=0 is in reach.

This work has been funded by the German Federal Minister for Research and
Technology (BMFT) under the contract number 06 M7 188L.
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figure captions

Figure 1: Partial energy level diagram for Yb I, including the levels and transitions
excited in this work. The inset gives the fine structure splitting of the Rydberg

state.

Figure 2: Experimental setup for resonance ionization spectroscopy in collinear

geometry.

Figure 3: Energy spectrum of ions produced without laser excitation. The peak on
the left side corresponds to collisional ionization, the other to ionization of Rydberg
atoms from the charge exchange process (upper curve). This peak is removed if
the Rydberg atoms are ionized and deflected directly after the charge exchange cell

(lower curve).

Figure 4: Spectra of ¥®Y'b, recorded with a delay of 3ns (left) and 8ns (right)

between the two lasers. Details are given in the text.

Figure 5: Spectrum of ®"Y'd. The frequency scale is given with respect to the

reference isotope, *#Yb.
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Table 1:

Isotope shifts and hyperfine structure constants in the transition

6575%5; —— 6s21p2P, of the investigated isotopes. The values for the magne-

tic moments have been evaluated from the A-factors of the 657525, state. § <r?>

values have been calculated in accordance with the evaluation of Heilig (1985). Ez-

rors in brackets represent one standard deviation in units of the last significant

figure. For the isotope shift and § <r?> they include voltage calibration errors of

about 4 - 1073, The systematic error for the evaluation of § <r?> (about 10%) is

not included. For details see text.

A | I |ISYBAMH2] |6 <r®> [fm?| | Aeyrs[MHz] | ag, [MHz] (]

156 | 0 1528 (9) -1.171 (24) - ;

157 | 7/2 | 1425 (38) -1.001 (36) | -1260 (6) | -2317 (24) | -0.639 (8)
1397 (31)* -1264 (4) | -2425 (190) { -0.639 (8)

158 | 0 1238 (8) -0.955 (6)° - ] ]

159 | 5/2 | 1101 (21)* -0.846 (23) -1021 (5) | -1976 (236) | -0.368 (8)

160 | 0 946 (7) 1-0.732 (4)° - ]

162 { 0 672 (7) -0.516 (3)° . ]

164 | 0 395 (8) -0.314 (3)* ;

166 { 0 174 (9) -0.140 (1)3 ] _

168 | 0 0 0 -

170§ O -152 (7) 0.117 (2)3 - - -

171 {1/2 | -200 (13) 0.157 (2)? 6837 (9) | 12631 (84) | 0.49367 (1)

172 | 0 -277 (4) 0.228 (2)° - -

173 | 5/2 -313 (20) 0.266 (3)° -1894 (8) | -3505 (20) | -0.684 (3)

174 | 0 -385 (12) 0.314 (3)° - ; _

175 | 7/2 | -402 (14) 0.333 (13) 1519 (10) | 2803 (19) | 0.768 (8)

176 | 0 -482 (12) 0.397 (4)® - ; ]

1. transition 637s%5;, — 6s21p3 P,
2; Olschewski (1972)
3: Heilig (1985) from experimental data of Buchinger et al. (1982)
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Table 2;: Values for the different parameters describing the hyperfine structure in
the Rydberg state. For details see text.

13Yh 171yb
this work this work
€ 0.58 (3) 0.54 (1)} -
AE[MH:z] | 6170 (110) | 4500 (3000)? | 6260 (2900)
Aggrs [MHz] | -1894 (8) -1892.23 6837 (9) 6857.1%
ae, [MHz] | -3500 (20) -3497.24 12631 (84) | 12642.8°

l.calculated from Maejewski (1985)

2;:Aymar et al. (1984)

3:Ross et al. (1964), no errror given

“:Miinch et al. (1987), precision measurement with an errror of 3H2

5.Blatt et al. (1983), precision measurement with an errror of 1.4H2
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